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In response to the global environmental pollution and
energy resource issues, biomass and wastes have obtained
a widespread attention to be used for fuel and energy
production. Now it is evident that wastes that could cause
risks to the environment could be converted into useful
energy via some realistic technologies. Using biomass and
wastes as an energy resource not only solves environmental
pollution problems, but also reduces the dependency on fossil
fuels. Thermochemical and biological conversion of biomass
and wastes are the two most important bioenergy conversion
methods.

In order to pursue the latest developments of bioenergy
and keep the global academic communities up to date to the
current advances in the Biomass and Wastes for Bioenergy,
the applications of biomass in thermochemical conversion
and biotechnologies have been discussed in 8 high-quality
papers published in this special issue. The brief introduction
for these works is listed as follows.

The paper titled “Energy Analysis of a Complementary
Heating System Combining Solar Energy and Coal for a
Rural Residential Building in Northwest China” by X. Zhen
et al. designed a work on energy efficiency of the system
and the determination of thermal efficiency of a coal stove
by using a prototype model. In this study, multiple linear
regression was adopted to present the dual function of
multiple factors on the daily heat-collecting capacity of the
solar water heater. Their results showed that the orientation
and the shade of solar water heaters had profound influences
on heat-collection capacity compared to the reference solar
water heater. Additionally, the allocation of the radiation of

solar energy projecting into the collecting area of the solar
water heater was only effectively utilized by 28%. Moreover,
the results also showed that the main factors that led to
the high heat loss were the mismatch between the working
temperature of the radiator, collecting temperature of the
solar water heater and the location of storage tanks.

The paper titled “Experimental Study on Productivity
Performance of Household Combined Thermal Power and
Biogas System in Northwest China” by J. Kang et al. devel-
oped a method to create a heat, electricity, and biogas cogen-
eration systemwith low-temperature solar thermal collectors,
photovoltaic solar power generators, and solar-powered ther-
mostatic biogas digesters. The method was experimentally
studied via two buildings in a farming village in northwest-
ern China. Even though the ambient temperature reached
down to −25∘C, the temperature of the biogas digester was
maintained at 27∘C±2 for thermostatic fermentation. After
optimization, the energy-saving rate was improved from
66.2% to 85.5%. This installation reduced CO

2
emissions by

approximately 27.03 t, and the static payback periodwas 3.1 yr.
The results indicated that the system was highly economical,
energy efficient, and beneficial for the environment.

The paper titled “Neural Network Prediction of Corn
Stover Saccharification Based on Its Structural Features” by
L. Gao et al. developed a neural networks model, which was
demonstrated for the prediction of the corn stover sacchari-
fication based on the features without enzymatic hydrolysis.
By using this method, the predicted value of corn stover
digestibilitywas very similar to the actual determined value of
corn stover digestibility. A fast approach for bioenergy crops
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selection could be offered by the neural networkmodel.Thus,
the neural network model is cost-effective and time-saving
and it will have a good application for corn stover storage and
evaluation.

The paper titled “Ni-Ru/CeO
2

Catalytic Hydrother-
mal Upgrading of Water-insoluble Biocrude from Algae
Hydrothermal Liquefaction” by D. Xu et al. used hydrother-
mal liquefaction to convert wet algae into water-insoluble
biocrude and other coproducts. By using Ni-Ru/CeO

2
+H
2
,

the yield, HHV (higher heating value) and the best elemental
compositions for quality of water-insoluble biocrude (B

2
)

were increased.The result indicated that theNi-Ru/CeO
2
+H
2

technology was able to transform high-molecular-weight
compounds into low-molecular-weight compounds and led
B
2
to contain a series of abundant aliphatic saturated

hydrocarbons such as pentadecane, tridecane, tetradecane,
heptadecane, and dodecane. The results also showed that Ni-
Ru/CeO

2
+H
2
led to the largest fraction and the best light of

light biocrude in B
2
.

The paper titled “Second-Generation Bioethanol from
Coconut Husk” by M. Bolivar-Telleria et al. discussed the
methods that have been used to produce bioethanol from
coconut husk and suggestedways to improve different aspects
of the process. It was observed that the use of enzymes to per-
form hydrolysis was a good alternative. In this review, it has
been confirmed that alkaline pretreatment is the best choice
for delignification potential. Biorefining of this material for
the production of ethanol and other molecules with greater
added value would enable economically developing countries
to create new jobs and boost income.

Thepaper titled “TheEffect ofDigestedManure onBiogas
Productivity and Microstructure Evolution of Corn Stalks in
Anaerobic Cofermentation” written by Z. Lv et al. explored
the effect of mixing corn stalk with cow dung at five different
fermentation stages on the further cofermentation process.
The straw microstructure evolution was investigated by the
SEM and XRD methods to identify the optimal conditions
for the straw biodegradation process enhancement. The
authors proved that the mesophilic codigestion of corn stalk
with cow dung improved the biogas production, enhanced
the degradation efficiency of organic matter, and reduced
the anaerobic fermentation cycle. The results of this study
were quite instrumental to the further optimization of the
corn stalk anaerobic digestion by inoculation with digested
manure for lignocellulose degradation enhancement and
biogas productivity improvement.

The paper titled “The Effects of Different Oxytetracycline
and Copper Treatments on the Performance of Anaerobic
Digesters and the Dynamics of Bacterial Communities” by Y.
Zhang et al. evaluated the performance of anaerobic digesters
and discussed the dynamics of bacterial communities under
the different treatments of oxytetracycline and copper during
the anaerobic digestion of cow manure. Methane production
and pH value were measured and analyzed to reflect the
performance of anaerobic digestion. PCR-DGGE method
was used to discuss the dynamics of bacterial communities.
It was found that the bacterial communities had significant
differences under the different treatments of oxytetracycline
and copper.

The paper titled “The Migration and Transformation
of Heavy Metals in Sewage Sludge during Hydrothermal
Carbonization Combined with Combustion” by M. Liu et al.
investigated the migration and transformation behaviors of
heavy metals (Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb) during
the hydrothermal carbonization of sewage sludge. In this
work, the authors considered the effects of HTC reaction
temperatures and residence times on the distribution and
chemical speciation transformation behaviors of HMs in the
HTC of sewage sludge. The results indicated that most of
the HMs accumulated in the Solid residue (SR) during HTC
and combustion process.The authors also concluded that the
HTC process promoted the immobilization of HMs in the
combustion process.
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Coconut palm (Cocos nucifera) is an important commercial crop inmany tropical countries, but its industry generates large amounts
of residue. One way to address this problem is to use this residue, coconut husk, to produce second-generation (2G) ethanol. The
aim of this review is to describe the methods that have been used to produce bioethanol from coconut husk and to suggest ways
to improve different steps of the process. The analysis performed in this review determined that alkaline pretreatment is the best
choice for its delignification potential. It was also observed that althoughmost reported studies use enzymes to perform hydrolysis,
acid hydrolysis is a good alternative. Finally, ethanol production using different microorganisms and fermentation strategies is
discussed and the possibility of obtaining other added-value products from coconut husk components by using a biorefinery scheme
is addressed.

1. Introduction

Modern life demands highmobility and, as a result, transport
is one of the largest and fastest growing energy demand-
ing sectors [1]. Also, increase in competitive agribusiness
automatization leads to a high energy demand [2]. However,
due to concern on the negative impact of fossil fuels on
the environment, the use of biofuels emerges as a promising
alternative that is gradually becoming technically and eco-
nomically feasible [3].

Modern ethanol industry began in the 1970s when
petroleum-based fuel became expensive and environmental
concerns arose. In 1975, the Brazilian government launched
a pioneer program known as “Proálcool” (Pro-Alcohol) with
two main objectives: to reduce the impact caused by oil price
increases and, at the same time, mitigate the fall of sugar
price in the international market [4, 5]. Between 1980 and
2002, over five billion dollars were invested on sugarcane
agriculture and industry to expand alcohol fuel production
[5]. “Proálcool” is known worldwide for its positive effect
on biofuel promotion [6]. Nowadays, in Brazil, 20 to 25%
of anhydrous ethanol is used as an additive in gasoline.

Moreover, since 2003, flex-fuel vehicles, which can use
alcohol, gasoline or gasoline+alcohol, are on the market [5].

Ethanol is the leading liquid biofuel used for trans-
portation. First-generation ethanol has a simple production
process using sugar or grain as raw material (sugarcane juice
in Brazil and corn in the USA and EU, for example), while 2G
ethanol (bioethanol) has more complex steps of production
and uses lignocellulosic material as a substrate [7]. Among
the major byproducts generated by agroindustries, lignocel-
lulosic biomass is one of the most abundant, conflict-free
with food production and is available throughout the year
at low prices [8, 9]. All of these characteristics show that
lignocellulose waste might be considered the most feasible
option for fossil fuel replacement, having a significant poten-
tial for bioethanol productivity while giving a destination for
an environmental liability.

In Brazil, GranBio and Ráızen are pioneering companies
that utilize sugarcane coproducts as a substrate, enhancing
ethanol production without increasing the cultivated area
[10, 11]. In 2003, Ráızen was able to produce more than 40
million liters per year [11]. In the USA, three companies
produce cellulosic ethanol in commercial scale: POET-DSM
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Advanced Biofuels, DuPont, and ABENGOA [12]. There are
many projects around the world focusing on the use of
lignocellulosic residues for biofuel production [13]. These
residues can come from homes or city dumps: companies in
Canada are investing in the construction and operation of a
renewable fuel plant using local residential kitchen and yard
waste; Phuket’s Provincial Administration Organization, in
Thailand, is building a waste-to-biofuel facility that will use
themunicipal solidwaste of the entire island as feedstock [14].
China’s State Development & Investment Corporation began
the construction of its first ethanol plant in the Liaoning
province with 300,000 tons capacity and is planning to build
five ethanol plants in other provinces [15]. Nowadays, biofuels
have an important part in the global liquid fuel market and
over a hundred companies in different countries base their
production on various types of 2G biofuels [13]. Coconut
husk is a very promising substrate that can be used as raw
material for 2G ethanol production, since coconut palm
plays an important role in the economy of several tropical
countries [16]. The food industry uses coconuts to obtain
various products leaving the husk as waste. It is important to
note that coconut husk has a high lignin content that during
husk decomposition penetrates the soil and can reach the
water table imposing a great environmental risk. Since it is
discarded in high volumes (coconut husk encompasses 80
to 85% of the weight of the fruit [17, 18], while sugarcane
bagasse corresponds only to 27 to 28% dry weight), it is
mandatory to find a safe destination for this waste.Therefore,
the use of coconut husk for 2G ethanol production may be
a solution to reduce the environmental impact. Moreover, if
the technology is cheap and simple enough it can be used by
small producers.

The three main components of a biomass (cellulose,
hemicellulose, and lignin) form a recalcitrant structure, mak-
ing it difficult for enzymes to have complete access to cellulose
for conversion to monosaccharides. To make this feasible,
the first major step in bioethanol production is biomass
pretreatment (biological, physical or chemical), in which the
lignin content is reduced to release the fermentable sugars
from the rigid structure and, therefore, prepare the biomass
for enzymatic conversion [19]. Different types of biomasses
have different amounts and types of sugars (hemicellulose
and cellulose) and lignin, so knowing its composition is
crucial for the process. Moreover, the abundance of the
residue must be taken into account so that the whole process
is economically feasible.

The second major step in 2G ethanol production is the
hydrolysis that unlocks and saccharifies the polysaccharides
that are present in the biomass to fermentable sugars [20].
Generally, enzyme cocktails are used to catalyze reactions to
obtain simple sugars such as glucose andmannose for further
fermentation by microorganisms. This process, also called
saccharification, is very important and the requirements
of these enzyme complexes, which act synergistically, add
major costs to the overall process. The main challenge is to
obtain a cost-effective technology of enzymatic hydrolysis for
economically viable biofuels [20].

The fermentation process is the next step, in which a
microorganism such as the yeast Saccharomyces cerevisiae

ferments the sugars that are present in the treated biomass
and produces ethanol [21]. To increase the economic feasi-
bility of this process, industries show great interest in using
yeast strains that are more tolerant and resistant to various
kinds of stresses and that are also able to use pentoses that
come fromhemicellulose degradation, such as xylose, asmost
strains naturally only consume hexoses.

Currently, the process for 2G bioethanol production in
large scale is being improved, since it still has cost production
issues that derive from the procedures needed to over-
come the recalcitrance of the lignocellulose (pretreatment
and enzymatic hydrolysis) in order to obtain fermentable
sugars [22]. To transform the bioethanol production into a
sustainable and economically viable process, it is important
to integrate it in a biorefinery, which is a great supporter
of a biobased economy. In a biorefinery, almost all types
of biomass residues can be converted to different classes
of biofuels, biomaterials and other marketable bioproducts
through jointly applied conversion technologies [23].

Although many articles address the use of coconut husk
as a raw material for bioethanol production, few of them
compare the results obtained using different methods. This
work intends to give an overview on different approaches
already tested to obtain ethanol from coconut husk to
facilitate the development of a process that can effectively
produce ethanol from coconut residue.

2. The Coconut Plant and Industry

Coconut palm tree is a perennial crop grown in tropical
climate countries which present ideal conditions for its
cultivation, such as soil with proper water capacity and
drainage andwarm ambient temperatures [24, 25]. Due to the
coconut structure, many valuable products can be obtained
from it, such as meat (copra), oil, water, milk, and fibers
[25]; therefore, this fruit is of great economic importance.
There are two major varieties, the tall (Typica), mainly used
to obtain coconut meat and milk, and the dwarf (Nana), the
most cultivated in Brazil, used for coconut water extraction
[24, 25].

Coconut harvesting time is determined by its purpose
and is usually carried out in two stages of ripening.The green
fruits are destined to the coconut water market, while mature
fruits are destined to the dry coconut market (for meat, milk
and oil) [26].Therefore, depending on the plantation site, the
residue ismade of green ormature coconut husks, which have
different compositions (Table 1).

The coconut fruit has a smooth green epidermis (epi-
carp), a medium region with bundles of fibers (mesocarp),
and a stony layer that surrounds its edible part (endocarp)
(Figure 1).

The estimated annual worldwide coconut production in
2015 was around 55 million tons and the main producing
countries are Brazil, India, Indonesia, the Philippines, and
Sri Lanka [16, 17]. Indonesia is responsible for 33.1% of the
total world production [24], and the coconut industry plays
a significant economic role in this country as well as in
other tropical countries. However, as mentioned before, 80



BioMed Research International 3

Table 1: Chemical composition of green and mature coconut husk (%).

Substrate Reference Cellulose Hemicellulose Lignin

Green coconut husk

[27] 39.31 16.15 29.79
[28] 43.40 19.90 45.80
[29] 32.80 15.90 n.a.
[30] 33.23 29.14 25.44

Mature coconut husk

[31] 30.47 25.42 33.15
[32] 29.58 27.77 31.04
[33] 32.18 27.81 25.02
[30] 29.58 27.77 31.04

n.a.: not available or present.

(a) (b)

Figure 1: Green coconut and its structures. (a) Green coconut. (b) Green coconut without epicarp and liquid albumen. i, epicarp; ii, mesocarp;
iii, endocarp; iv, solid albumen.

to 85% of the weight of the fruit is not used and is simply
discarded, resulting in large amount of waste [17, 18]. Also,
the coconut husk is rich in phenolic compounds, which
are toxic to humans and animals and are released in the
environment as a result of natural deterioration [39]. Actually,
only a small percentage of the total fiber residue is designated
for the production of fertilizers and handmade products
like mats, nets, and brooms [17, 40], and, unfortunately, the
traditional process to obtain the coir fiber is highly polluting
as it is performed in surface waters and, again, liberates
polyphenols [17, 40]. Due to high residue volumes and the
husk slow decomposition, the coconut industry turns into
an environmental and handling problem [41]. A possible
and sustainable solution for the coconut husk residue is the
production of 2G bioethanol.

Currently, around 20 published scientific papers describe
the study of coconut husk as raw material for bioethanol.
This means that it is an interesting opportunity to contribute
to this field of study, allowing, hopefully in a near future,
that small and local producers to produce biofuels for their

personal use and for the development of a sustainable coconut
chain production. As mentioned earlier, coconut producing
countries are part of the third-world economy; in this way,
turning trash into jobs and income generation is a very
important matter.

3. Methods Used in Coconut
Conversion to Ethanol

3.1. Coconut Husk Pretreatment for Bioethanol Production.
The threemain components of lignocellulosic biomass, cellu-
lose, hemicellulose, and lignin, form a strong matrix, which
gives it recalcitrance, meaning low enzyme digestibility [42].
Biomass used for bioethanol production has to undergo
a pretreatment to remove lignin and hemicellulose and
overcome recalcitrance by increasing porosity and reducing
cellulose crystallinity making it available for biological or
chemical hydrolysis. An effective pretreatment must return
high sugar concentration but always avoiding their loss and
degradation; also it has to minimize formation of inhibitors
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and be able to undergo fermentation without detoxification,
to reduce process steps, water, and energy consumption in
order to decrease costs [43–45]. The pretreatment is a very
important step as it has an impact on the next stages, such
as hydrolysis, fermentation, and downstreamprocessing [43].
Since biomass composition varies from one substrate to
another, different pretreatments have to be tested to find the
best for each specific substrate.

The first step in the pretreatment is the substrate prepa-
ration to make the enzymatic hydrolysis more effective by
mechanically reducing cellulose crystallinity [45]. In the case
of coconut husk, it is dried, ground, and sieved to obtain a
powder [31].

The most used pretreatment for coconut husk is alkaline,
followed by acid, but there are also other methods being
tested that will be discussed in this section (Table 2).

Depending on biomass composition and the type and
conditions of the pretreatment, products that inhibit enzy-
matic hydrolysis and fermentation, such as weak acids, fur-
fural, 5-hydroxymethyl furfural (HMF) and phenolic com-
pounds are formed [42]. After the pretreatment,most authors
wash the pretreated coconut husk to extract inhibitors from
the biomass [27–29, 46, 47]. This approach might not be the
best as it increases the number of process steps and uses more
water which affect the cost, and, moreover, a high content of
sugars are lost during these washes [29, 48].

3.1.1. Alkaline Pretreatment. The main effect of alkaline pre-
treatment is delignification of the biomass and reduction of
crystallinity [29, 43–45]. For these pretreatments, sodium,
potassium, calcium, and ammonium hydroxides and ammo-
nia are used [44, 45]. All revised studies that used alkaline
pretreatment in coconut husk used NaOH and most of them
use high temperatures [27–29, 33, 46, 48–50].

Soares et al. [50] proposed a pretreatment with dilute
NaOH (1% (w/v)) at room temperature to decrease the forma-
tion of inhibitors, using high-solid loadings (18% (w/v)) and
no detoxification of the pretreated biomass to obtain higher
sugar concentration. In a later work, Soares et al. [48] suggest
the use of a fed-batch pretreatment and saccharification with
higher solid loadings (25 and 30% (w/v)).

3.1.2. Acid Pretreatment. Acid pretreatment is a widely used
and effective method for obtaining high yields of sugars
from lignocellulosic biomass. Fatmawati and Agustriyanto
[47] and da Costa Nogueira et al. [29] pretreated coconut
husks with diluted acid (1.5% and 3% (w/v) of H

2
SO
4
) and

autoclaved at 121∘C. De Araújo et al. [51] tried an acid
pretreatment followed by an alkaline treatment of the washed
neutralized fibers, both at high temperature.

3.1.3. Other Pretreatment Approaches. Pretreatments using
alkaline conditions combined with other techniques have
been tested for coconut husk. One approach consists of
presoaking the coconut husks in a NaOH solution and
then microwaving them [52, 53]. Other pretreatments use
a combination of alkaline and oxidative conditions [31, 51],
where an H

2
O
2
solution is adjusted to pH 11.5 with NaOH.

Gonçalves et al. [30] used a two-step method to remove
different components from the husk. First, they utilized
oxidative conditions (NaClO

2
–C
2
H
4
O
2
) to remove the

lignin. Then, they performed autohydrolysis to extract the
hemicellulose.

Other pretreatments reported for coconut husk are the
use of high temperature for autohydrolysis [29, 32, 53], use of
aqueous glycerol and acidified aqueous glycerol at 130∘C [54],
and use of the surfactant Tween� 80 during acid, alkaline, and
hydrothermal pretreatment to increase enzymatic hydrolysis
[29].

3.2. Hydrolysis. The next step in bioethanol production
is breaking cellulose and hemicellulose into simple sugar
monomers that can be fermented. Cellulose is hydrolyzed
to glucose, while hemicellulose hydrolysis releases a mixture
of pentoses and hexoses [44]. There are different hydrolysis
strategies like dilute and concentrated acid, alkaline, hot-
compressed water, and enzymatic [55]. Enzymatic hydrolysis
is the most widely used as it is the most ecofriendly, has no
formation of inhibitors, requires less energy, and is operated
at mild conditions (40-50∘C and pH 4-5) so there are no
corrosion problems [20, 44, 56]. On the other hand, alkaline
and acid hydrolysis present high toxicity, high utility cost,
lower sugar yields, and corrosion, along with the formation
of inhibitors [44, 56].

A cocktail of enzymes composed of cellulases and hemi-
cellulases that work in synergy is needed to effectively
hydrolyze the cellulose and hemicellulose (Figure 2) [34,
44, 56]. These enzymes are naturally produced by various
fungi and bacteria. The fungus Trichoderma reesei is one
the most used industrially to produce cellulases [57]. These
strains have been engineered to produce a large amount of
chosen cellulases (native, homologous, or engineered) so they
have a high specific activity on crystalline cellulose [58, 59].
Currently, the most advanced cocktails in the market are
Cellic� CTec3 from Novozymes (Bagsværd, Denmark) and
Accellerase� TRIO� from DuPont Genencor (CA, USA)
[58].

Enzymatic hydrolysis is the economic bottleneck of lig-
nocellulosic bioethanol production because of its high cost.
Enzyme production costs comprise 25 to 50% of bioethanol
production cost [60]. Efforts have been made to decrease
enzyme price and it has dropped from US$ 5 per gallon or
US$ 0.75 per liter of bioethanol to US$ 0.10–0.18 per gallon
or US$ 0.027 per liter of bioethanol [34].

Producing better enzymes with higher efficiency using
lower doses are important to make lignocellulosic bioethanol
economically feasible. There are many factors that affect the
efficiency of enzymatic hydrolysis including temperature,
pH, mixing rate, enzyme loading, pretreatment, present
inhibitors, substrate type and concentration (can lead to inhi-
bition), and end-product inhibition (glucose) [44, 56]. As a
result, the development of enzymes with (i) stability at higher
temperatures and pH, (ii) increased tolerance to pretreatment
inhibitors and end-product inhibition, (iii) better efficiency,
(iv) higher adsorption, and (v) catalytic efficiency is highly
needed [20]. For example, new thermophilic strains such
as M. thermophila C1 are used to produce cellulases with
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Figure 2: Hydrolysis mechanism of cellulose by cellulase cocktail components. Endoglucanases cleave the inner region of cellulose, the
reducing and non-reducing regions are hydrolyzed by cellobiohydrolases (I and II) and the cellobiose is hydrolyzed to glucoses by 𝛽-
glucosidase [34]. Adapted fromWang et al. [35].

broader pH and temperature ranges that also contain richer
hemicellulases [58].

In the case of bioethanol production from coconut husk,
most studies use enzymatic hydrolysis, where the use of
commercial cocktails is the most common approach [27, 29,
31–33, 46–54]. Another method is to isolate fungi from the
substrate to be used for bioethanol production hoping to
find a microorganism with high specificity for that biomass
as was done by Albuquerque et al. [46] for fresh and
rotting coconut husk. The best isolates (Penicillium variable
and Trichoderma sp.) were used to produce enzymes by
submerged fermentation.

Some studies have beenmade to test the use of surfactants
to improve enzymatic hydrolysis in coconut husk but using
different approaches. Da Costa Nogueira et al. [29] used
Tween� 80 during different pretreatments, while de Araújo et
al. [51] used rhamnolipids produced by Pseudomonas aerugi-
nosa during enzymatic hydrolysis. Rhamnolipids are biosur-
factants that, unlike chemical surfactants, are biodegradable
and that makes them an environmentally friendly option.

Non-enzymatic hydrolysis methods have also been tested
for coconut husk. Acid hydrolysis using sulfuric acid 1, 2,
3, and 4% (v/v) and high temperature after an alkaline pre-
treatment was performed by Jannah andAsip [28].Moreover,
Prado et al. [61, 62] employed subcritical water hydrolysis,
which utilizes pressure to maintain the water in a liquid state
using coconut husk without any pretreatment.

3.3. Fermentation. Microbial fermentation is the next step
in the production of lignocellulosic bioethanol in which the
fermentable sugars, such as glucose and mannose, obtained
in the saccharification, are converted to ethanol [63].

Saccharomyces cerevisiae has traditionally been used to
produce alcohol in brewing and wine industries [21]. This
yeast produces high yields of ethanol with high productivity
[64, 65]. Nowadays, other yeasts and bacteria are also used for

bioethanol production [9]. Using other microorganisms with
different characteristics from S. cerevisiae or a combination of
microorganisms (cofermentation) can increase ethanol yield.
For example, using yeasts that naturally ferment pentoses,
such as the xylose consuming Pichia (Scheffersomyces) stipitis,
Candida shehatae and Pachysolen tannophilus [66], or bacte-
ria such as Zymomonas mobilis, which presents fermentation
under anaerobic conditions, high ethanol tolerance, and
high ethanol-producing capacity [67], can increase the final
ethanol concentration.

Another approach to overcome the challenges in lig-
nocellulosic bioethanol production is the development of
genetically engineered microorganisms that are capable of
fermenting pentoses and hexoses. Engineered yeast strains
with these characteristics are more economically viable for
industrial production of bioethanol [68]. With development
of new DNA editing technology, the metabolic potentials of
microorganisms are being explored and harnessed in plenty
new ways. The development of strains that can ferment
xylose, themain pentose in coconut husk, is done by inserting
genes related to the degradation pathway of this pentose,
like overexpressing genes related to the pentose phosphate
pathway (such as TKL1 and TAL1) [69, 70]. Other strategies
are decreasing the formation of xylitol as it is a harmful
derivative for the complete fermentation of the pentoses and
preventing the ubiquitination of hexose transporters, since
they also act to carry pentoses, but suffer degradation when
the concentration (or absence) of glucose decreases [71, 72].
Ethanol production can also be improved by preventing the
formation of glycerol, another fermentation product. It has
been shown that the deletion of genes in this pathway like
GPD2 and FPS1 is related to an improvement in the final
ethanol production, since they redirect the metabolic flow to
the alcoholic fermentation [73, 74]. Another approach is the
interruption of the ADH2 gene, related to the transformation
of ethanol into aldehyde, as it has higher affinity for ethanol
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compared to other isoenzymes [75]. Genetic engineering can
also be used to obtain microorganisms that are more tolerant
to stresses like inhibitors produced during the pretreatment
and a high ethanol concentration that is present at the end
of the process. This can be done by inserting genes, such
as Saccharomycopsis fibuligera TPS1 (6-phosphate-trehalose
synthase) into Saccharomyces cerevisiae, or fine-tuned pro-
teins such as RNApol2 responsible formRNA expression [76,
77]. Genetic engineering offers the advantage over traditional
methods of increasingmolecular diversity in a direct, specific,
and faster way.

3.4. Hydrolysis and Fermentation Strategies. There are three
main strategies for hydrolysis and fermentation: separate
hydrolysis and fermentation (SHF), simultaneous hydrolysis
and fermentation (SSF), and semi-simultaneous hydrolysis
and fermentation (SSSF). In SHF the hydrolysis is done at
a higher temperature which is optimal for the enzymes and
later the fermentation is performed at a lower temperature
optimal for the microorganism. On the other hand, in SSF
the enzymatic hydrolysis and the fermentation are executed
at the same time at an intermediate temperature.This strategy
helps to reduce processing times, sugar inhibition, and
equipment cost, since only one vessel is needed [78]. The
major problem is that the temperature is not optimal for the
enzymes and sometimes for the microorganisms (the use of
microorganisms with higher optimal temperature solves this
last problem).

A way to obtain the advantages of both SHF and SSF
is to include a prehydrolysis step before inoculation, which
is performed at an optimal temperature for the enzyme,
followed by an SSF. This method is called SSSF. Some of
the advantages of using SSSF are no carbon deficiency in
early stages as presented during SSF [78], higher enzymatic
activity during prehydrolysis because of optimal enzyme
temperature, and reduction of slurry viscosity, which enables
higher solid loadings and easier stirring and pumping [79].

4. Results and Discussion

4.1. Coconut Husk Pretreatment for Bioethanol Production. A
strategy to evaluate the effectiveness of a pretreatment is to
compare the composition of the biomass before and after
the procedure. This is a key parameter to know whether
the technique removes the lignin, degrades the hemicellu-
lose, and conserves the cellulose. However, since the sugar
concentration after hydrolysis depends on many factors, the
biomass with the most changes will not yield necessary the
highest sugar turnout. Therefore, both the coconut husk
composition after pretreatment and the sugar concentration
after hydrolysis should be taken into account in any study.

Alkaline pretreatment seems to be the best approach
to obtain sugars from coconut husk probably because it
helps to remove the lignin from the substrate. The results of
delignification with NaOH are reported by Gonçalves et al.
[33] and Jannah and Asip [28]. As for hemicellulose content,
two studies show an increase [27, 29], while other two show
a decrease [33, 49]. This is probably due to the conditions

used on each work. The highest increase in cellulose content
was observed by Gonçalves et al. [33] and Cabral et al. [49].
Of the studies with composition analysis after pretreatment,
Gonçalves et al. [33] obtained the best results using NaOH
pretreatment, with high cellulose increase and high delig-
nification. On the other hand, Vaithanomsat et al. [27] and
da Costa Nogueira et al. [29] observed only a small increase
in cellulose content and delignification in comparison with
other methods.

Also, the studies that presented highest sugar concentra-
tions after hydrolysis used alkaline pretreatment with NaOH
(the results will be discussed in the hydrolysis section) [27–
29, 48, 50]. It was observed that higherNaOHconcentrations,
temperature, and processing time produce more inhibitors,
which may affect the next steps of the process [33, 48].

Soares et al. [50] selected mild alkaline conditions (1%
NaOH (w/v), room temperature, and shorter reaction time)
to decrease the formation of inhibitors. They also proposed
no detoxification of the pretreated biomass and the use
of high-solid loadings (18% (w/v)), which improved sugar
release over most of the other studies, and consequently
ethanol concentration. In a later study, Soares et al. [48] used
the same mild conditions but did a fed-batch pretreatment
and saccharification increasing the solid loadings to 25 and
30% (w/v), which increased the final sugar and ethanol
concentration. However, rising the solids loading up to 30%
also led to a diminution in the yield (g ethanol/g sugar) but
also showed one of highest sugar concentrations.

The use of high-solid loadings (≥ 15% solids, (w/v))
during the pretreatment and/or hydrolysis stages brings
economic benefits such as less energy consumption during
the processes, including distillation, and use of smaller vessels
and equipment, which translates to lower capital cost [80].
Unfortunately, it also implies many setbacks, including a
higher concentration of inhibitors, mass transfer limitations
and reduction of ethanol yield as solid loadings rise [80, 81].
As solid loadings increase, free water decreases and viscosity
rises; as a result, there is a reduction in the effectiveness
of the pretreatment and enzymatic efficiency because of
poor diffusion and solubilization [80–83]. High viscosity also
brings handling problems, as mixing, pumping, and pouring
become harder [82].There are different approaches to reduce
viscosity such as the use of surfactants [84] and employing
a fed-batch process, which unfortunately shows a decline in
conversion whenmore solids are introduced [81] as observed
by Soares et al. [48].

DaCostaNogueira et al. [29] compared alkaline, acid, and
autohydrolysis pretreatments and the alkaline pretreatment
showed the highest final sugars concentration. The composi-
tion of the husk was almost unchanged by the autohydrolysis
pretreatment and the composition after acid pretreatment
was not shown. They also showed that adding Tween�
80 during alkaline pretreatment can increase final sugars
concentration by obtaining a higher digestibility during the
enzymatic hydrolysis, but no difference was seen when acid
and autohydrolysis pretreatments were performed with or
without the surfactant [29].

Ding et al. [53] showed best results for microwave-
assisted-alkaline pretreatment, followed by alkaline, then
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acid and lastly autohydrolysis. Unfortunately, all pretreat-
ments in this study led to a low sugars concentration.
The delignification obtained by microwave-assisted-alkaline
pretreatment was significant and led to a significant increase
in cellulose and hemicellulose concentration. Other works
that used autohydrolysis also obtained better results using
other pretreatments [29, 32].

The studies that usedH
2
O
2
in alkaline conditions showed

a large difference in the sugars concentration. This might
be due to the delignification with NaOH performed by
Gonçalves et al. [31] after the pretreatment, which resulted
in higher delignification and increased cellulose and sugar
concentration relative to the values reported by de Araújo et
al. [51].

On the other hand, it was observed that dilute acid
pretreatment is not the best strategy for obtaining sugars
from green coconut fibers [29]. A possible explanation for
dilute acid pretreatment not being the best strategy for
obtaining sugars from green coconut fibers is that coconut
husk has a high lignin content. Studies have shown that
acidic pretreatment at high temperature forms lignin droplets
that adhere to the biomass interfering with the enzymatic
hydrolysis [85]. De Araújo et al. [51] reported no significant
removal of lignin using acid pretreatment followed by an
alkaline treatment at high temperature, which agrees with the
low delignification reported by Fatmawati and Agustriyanto
[47].

Another interesting pretreatment proposed by Gonçalves
et al. [30] for coconut husk is the use of oxidative conditions
(NaClO

2
- C
2
H
4
O
2
) for delignification and autohydrolysis

for hemicellulose removal. The authors obtained a high
sugar content after hydrolysis, a high delignification, and a
reduction of hemicellulose as desired, but most lignin was
conserved. In terms of lignin removal and cellulose increase,
their results are similar to those of Gonçalves et al. [33]
with NaOH at high temperature, but they also obtained a
higher hemicellulose elimination.They also reported a higher
difference in crystallinity than in other studies [29, 31–33].

4.2. Inhibitors of the Enzymatic Hydrolysis and Fermen-
tation. The main inhibitors found in pretreated coconut
husk are HFM, furfural, phenolic compounds, formic acid,
and acetic acid, the last one in the highest concentrations
(Table 2) [29, 33, 46, 48–50]. Soares et al. [50] showed a
relationship between an increase in NaOH concentration
in the pretreatment and the inhibitor concentration. After
alkaline pretreatment, acetic and formic acids and phenolic
compounds are themain inhibitors produced, but noHMFor
furfural were detected [29, 50]. On the other hand, Gonçalves
et al. [33] showed a rise of HMF, furfural and total phenolic
compounds with increasing pH.These differences seen in the
inhibitors found are due to differences in the pretreatment.
Also, pretreated coconut husks that still have solid albumen
present very high levels of fatty acids that act as strong
inhibitors [48].

4.3. Hydrolysis. Table 3 presents a compilation of the
results published so far. As it can be observed, each work
uses a different approach, making it difficult to determine

the best methodology for enzymatic hydrolysis. Different
pretreatments (which affect the type and concentration
of inhibitors), amount of total solid loadings, and type
of enzymatic cocktail and doses are used in each study
(Table 3). Nevertheless, it is expected that the enzymatic
hydrolysis efficiency will be affected by the pretreatment
method. It has been shown that mature coconut fiber has
the highest enzymatic conversion yield after NaOH pre-
treatment at high temperatures (90.72%)[33], followed by
autohydrolysis pretreatment (84.10%) [32] and, at last, the
alkaline hydrogen peroxide pretreatment with a posterior
NaOH delignification (76.21%) (Table 3)[31]. Interestingly,
the highest glucose concentration was reported for the
pretreatment with the lowest hydrolysis yield [31] and the
lowest glucose concentration was determined for the pre-
treatment with the highest yield [33] (Table 3). This might
be explained by a difference in initial cellulose composition
for the enzymatic hydrolysis after the pretreatment and by
the cellobiose concentration after hydrolysis, which is not
reported.

There are also differences in the enzymatic performance
depending on the severity of the pretreatment conditions. For
example, coconut husk pretreated with 4% (w/v) NaOH gives
lower sugar titers than with 1% (w/v) NaOHdue to enzymatic
inhibition. Also, the longer the pretreatment, the lowest the
final sugar concentration [50].

Other factors might also influence enzymatic activity. As
an example, Albuquerque et al. [46] used different hydrostatic
pressures to improve the performance of fungi cellulases
isolated from coconut husk in comparison to industrial
cellulases. Actually, coconut fungi cellulases displayed better
enzymatic activity on filter paper and on coconut husk
hydrolysis than commercial cellulases at atmospheric pres-
sure and at 300MPa.These findings show that isolating native
strains from the biomass can lead to highly specific cellulases,
which lead to better results than commercial enzymes.
They also demonstrated that high pressure can be used as
pretreatment of cellulosic fibers as it promoted ruptures in
the coconut fibers that helped in the later saccharification
process. High hydrostatic pressure establishes interesting
physical and consequently biological changes that can be used
in biomass pretreatment and fermentation areas on biofuels
synthesis and in the use of residual lignocellulosic materials
with greater efficiency.

In the end, themain objective is to have the highest sugars
concentration with the highest conversion yield possible.
Some authors report very low total reducing sugars after
hydrolysis of coconut husk like Fatmawati and Agustriyanto
(1.2 g⋅L−1) [47] andDing et al. (2.8 g⋅L−1) [53] (Table 3), which
are far from the 8% (w/w) of glucose minimum required
to make the distillation economical [81]. Nevertheless, three
studies achieved over 8% (w/w) of sugars and all of them
used alkaline pretreatment [28, 48, 50]. While two of the
studies used enzymatic hydrolysis [48, 50], Jannah and
Asip [28] performed an acid hydrolysis showing the highest
sugars concentration with 4% (v/w) sulfuric acid but no
information about inhibitors was reported (Table 3). Soares et
al. [48] reached the highest sugars concentration using high-
solids loadings in a fed-batch pretreatment and enzymatic
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saccharification, but they also observed a decrease of the
conversion yield, which is characteristic of this kind of
conditions.

As for the use of surfactants to enhance hydrolysis, da
Costa Nogueira et al. [29] only obtained higher digestibility
when using Tween� 80 during the alkaline pretreatment,
whereas de Araújo et al. [51] found that adding rhamnolipids
during hydrolysis improved cellulose conversion. Comparing
both studies, da Costa Nogueira et al. [29] showed a higher
hydrolysis yield in all conditions, presenting the best results
for the coconut husk pretreated with NaOH and Tween� 80.

While using subcritical water hydrolysis, Prado et al.
[61] obtained best results at 250∘C and 20MPa but observed
an increase in the concentration of inhibitors (HMF and
furfural) relative to processes at lower temperatures, where
only hemicellulose is degraded. In this study, three different
substrates were used and the results showed that coconut
husk and palm fiber have similar final sugars concentrations
(11.7 and 11.9%, respectively), but a defatted grape seed dis-
plays a much lower concentration (6.4%). On the other hand,
using CO

2
during the subcritical water hydrolysis resulted

in a lower concentration of monosaccharides for coconut
husk [62], which is detrimental for ethanol production. The
advantages of subcritical water hydrolysis are the absence of
polluting reagents, a reduction of process steps, no corro-
sion, less residue generation, and lower sugar degradation
[61]. As a downside, high temperature and pressure are
necessary.

Up to now, enzymatic hydrolysis has been the preferred
method for coconut husk hydrolysis, but after reviewing all
results it is evident that further investigation of the use of
acid hydrolysis is necessary. An important factor that must
be taken in account is the concentration of inhibitors after
acid hydrolysis. It must be observed that the substances that
are considered inhibitors of enzymatic hydrolysis may not
be important in the case of acid hydrolysis if they do not
affect the fermentation process. Measuring the concentration
of other sugars would also be interesting to evaluate the
real potential of acid hydrolysis compared to enzymatic
hydrolysis. Other factors to take into account are the costs
and the handling complexity of the process of acid hydrolysis,
including corrosion due to acid conditions.

4.4. Fermentation. Results on which hydrolysis and fermen-
tation approach is best for ethanol production differ as it
is affected by many factors such as the enzymatic loading
used, substrate, solid loadings, pretreatment, inhibitors, the
microorganism used, and prehydrolysis time in SSSF [78].

Ebrahimi et al. [54] used a SSF approach and obtained
a much higher ethanol concentration (similar to Gonçalves
et al. [31]) when using acidified aqueous glycerol compared
to the just aqueous glycerol (Table 4). Gonçalves et al.
[31–33] compared SSF and SSSF for different pretreatments
with coconut husk using three microorganisms. In all three
studies, SSSF presented higher ethanol yield, final sugars
concentration, and productivity (Table 4). They also proved
that S. cerevisiae, P. stipitis, and Z. mobilis are suitable for
fermenting the coconut husk hydrolysates showing similar
sugar consumption patterns and kinetic parameters (ethanol

yield, concentration, and productivity) for each separate
pretreatment. For sequential alkaline hydrogen peroxide-
sodium hydroxide [31] and autohydrolysis [32] pretreat-
ments, P. stipitis showed slightly higher ethanol concentration
and ethanol productivity than the other microorganisms
but the ethanol yield was a bit lower. The highest ethanol
concentrations (11-12 g⋅L−1), yield (84-92%), and productivity
(0.23-0.32) for all strains were achieved with the NaOH pre-
treatment using high temperature with very little differences
between microorganisms [33]. It is important to point out
that the sugars concentration after hydrolysis reported on
Table 3 for these three studies might not be of the same quan-
tity as the one produced by SSF and SSSF asmany interactions
modify the enzymatic activity, so direct comparison of the
ethanol producedwith the glucose concentration obtained by
hydrolysis is not recommended.

Soares et al. [50] compared ethanol production of coconut
husk hydrolysate with two different S. cerevisiae strains, a
commercial strain, Ethanol Red, and a genetically modified
strain, GSE16-T18. This engineered strain can ferment xylose
and resists fermentation inhibitors, leading to enhanced
ethanol production (Table 4).

Once again, the largest concentrations of ethanol were
obtained in processes that used alkaline pretreatment and
used SFH [28, 48, 50], but only two [28, 48] are above the
4% (w/w), considered as theminimumethanol concentration
for an economically feasible production [81]. Soares et al.
[48] obtained the highest sugars concentration using a fed-
batch pretreatment and hydrolysis approach, but the ethanol
concentration was smaller than that obtained by Jannah
and Asip [28]. This is probably due to the fact that the
sugars concentration reported by Jannah and Asip [28] is
just glucose, while Soares et al. [48] used the total sugars
concentration. This shows the importance of the way data
are presented, since Jannah and Asip [28] are probably
presenting less sugars than the ones that can be fermented
and Soares et al. [48, 50] are showing a mix of sugars that
may include some that are nonfermentable. The best way to
report sugar concentration would be by showing separately
the concentration of glucose, since it is the main sugar
in the liquor, and that of total fermentable sugars (which
varies depending on the microorganism used). Soares et al.
[48, 50] determine ethanol yield based on the concentration
of fermentable sugars, while Jannah and Asip [28] do not
calculate the conversion yield. For coconut husk, all reported
ethanol yields are based on the relationship between the
mass of ethanol produced divided by the mass of fermentable
sugars detected by HPLC, ignoring the ambiguity of using
total reducing sugars as a parameter [27, 31–33, 50]. TRS is the
easiest way to measure sugars but includes nonfermentable
sugars, making it difficult to compare different processes and
to evaluate the real efficiency of fermentation.

Vaithanomsat et al. [27] and Cabral et al. [49] showed an
initial sugar concentration for fermentation higher than that
reported after hydrolysis with no further explanation on how
that increase occurred.

Currently, the use of genetically modified organisms
and the use of microorganisms other than Saccharomyces
cerevisiae or a mix of them (coculture) have been scarcely
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studied in the case of ethanol made from coconut husk. Since
this biomass has a high hemicellulose content, the use of
microorganisms that are able to ferment pentoses may help
to increase the ethanol production.

4.5. Comparison with Other Biomasses. Bioethanol produc-
tion conditions analyzed in studies similar to the present one
(where various works about a biomass are compared), but for
sugarcane bagasse [86, 87], wheat straw [88], and corn stover
[89] were examined.

Zhao et al. [89] did a profound analysis of the literature
for articles published during the last 10 years that used
corn stover as a raw material for bioethanol production.
By analyzing a high number of works on the subject (474),
they were able to draw some conclusions that are hard to
do when analyzing a much smaller sample and confirmed
some of the observations obtained on this study. Regarding
the pretreatment, they saw that two-thirds of the papers
used acid, steam explosion, ammonia-based, and alkaline
processes. In the beginning acid and steam explosionwere the
most popular but their use is declining, while solvent-based
and combined techniques are gaining ground. Compared
to coconut husk, which presented best results with alkaline
pretreatment, corn stover showed highest ethanol production
with alkaline, solvents, and ammonia pretreatment (19-22%)
and lowest with fungi (11%). This low effectiveness with
biological pretreatment was also reported for sugarcane
bagasse [86].

The best results found by Cardona et al. [86] in 2010 for
sugarcane bagasse were using acid hydrolysis (48% (w/w)
TRS and 19 g etanol⋅L−1), but Bezerra and Ragauskas [87] in
2016 found the highest sugar and concentration with steam
explosion (57.7 g glucose⋅L−1 and 25.6 g ethanol⋅L−1). Even
thoughCardona et al. [86] saw ahigher glucose concentration
when using alkaline pretreatment, they argue that costs are
too high for the process to be viable at large scale. Talebnia
et al. [88] reported steam explosion as the most suitable
pretreatment for wheat straw because it has a lower reaction
time, higher solid loadings, and aminimumuse of chemicals.
The best results for wheat straw were obtained with native
non-adapted S. cerevisiae (31.2 g ethanol⋅kg−1, 99% ethanol
yield).

As pointed out in this study for coconut husk, Zhao et al.
[89] also remarks that most of the studies for corn stover are
focused on the pretreatment. Fermentation is only reported
in half of the studies and most use yeasts (92%) and the rest
bacteria (8%). Also purification is usually not described and
when it is they mostly use distillation.

Equal to the findings for coconut husk, enzymatic hydrol-
ysis is used in most of the studies [86–89]. Zhao et al. [89]
report that 95% of the articles for corn stover used enzymatic
hydrolysis and, as also seen on this work, the enzyme doses
differ significantly from study to study.

Parallel to the findings of this study, Zhao et al. [89]
confirm that ethanol production varies greatly from one
study to another even when using similar processes. For
corn stover, ethanol conversion for most studies ranged
between 80 and 100% with no significant difference while

using different microorganisms for fermentation [89]. They
also observed that xylose fermentation was a key factor for
higher ethanol production, confirming the importance of not
extracting the hemicellulose for fermentation and the need to
use microorganisms that can ferment these sugars.

Most studies analyzed for this kind of technology are
done in laboratory scale (98% for corn stover [89]), including
coconut husk. Zhao et al. [89] observed that, in the case
of corn stover, some pilot scale processes used smaller
concentrations of chemicals than the concentration used in
laboratory studies. No full scale plants for this kind of work
are reported on the articles analyzed [86–89].This is probably
because it is not in the interest of industry to report its know-
how and results.

4.6. Techno-Economic Overview on Bioethanol Production.
Since there are no published data on the costs of bioethanol
production from coconut husk, an extrapolation based on
results from other biomasses was performed. Most of the
techno-economic analyses on the production of biofuels were
simulations for a few lignocellulosic feedstock, pretreatments,
and enzymatic hydrolysis [19, 90–94]. Eggeman and Elander
[90] made the economic analysis using different pretreat-
ments for corn stover and found a similar minimum ethanol
selling prices (MESPs) using dilute acid, hot water, ammonia
fiber explosion (AFEX), ammonia recycle percolation (ARP),
and lime pretreatments. Similar results were found by da Silva
et al. [19] for hot water and AFEX pretreatment, but a higher
MESP was obtained using dilute acid pretreatment. On the
other hand, Chovau et al. [92] find dilute acid pretreatment
as the best option.

The main factors that affect the MESP are plant size
[91, 95], feedstock price and transportation [91, 93, 95–98],
composition of the feedstock [91], pretreatment [94], enzyme
cost and loading [91, 93, 96–98], conversion from cellulose to
glucose [91, 93], ethanol yield [95], fermentation of pentoses
[93], investment costs [93, 95], and energy cost [96–98].
Ethanol yield is relevant, since a higher yield means that less
feedstock is required and overhead costs are smaller [95].

The MESP is also significantly affected by the location
of the production, not only due to the availability, price,
and transportation cost of the feedstock but because of
the local technology, the cost of raw material (especially
enzyme), the cost of energy, and the local policies. Zhao et al.
[93] compared the MESP of a process using the technology
available in China, which included using local enzymes with
lower activity, so that higher loadings were needed and only
hexoses were fermented, and technology from the United
States of America using economic parameters from China.
They observed that the MESP for their process with Chinese
technology was above the local price of fuel ethanol, while the
MESP obtained using more advanced technology was lower
than the local price of fuel ethanol.

As observed by Chouvau et al. [92] the MESP reported
by different authors varies greatly (from $0.21/L to $1.21/L)
according to the assumptions involved. Most authors use a
future expected cost for the enzymes that is much lower than
the present cost and leads to a significant decrease of MESP
[90–92]. Chovau et al. [92] observed an increase in reported
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MESP with higher enzyme cost when comparing various
studies.They also estimated from these studies that about 13%
of the MESP is due to enzyme cost. Some studies propose
producing enzymes at the plant [92, 95], but Chovau et al.
[92] reported higher costs for enzymes produced in-site due
to energy consumption, higher investment, and lower plant
capacity. As an alternative to enzymeuse, acid hydrolysis,may
be used, but recycling of acid is expensive and rises the costs
[95].

Feedstock price also greatly affects the MESP, represent-
ing between 30 and 40% of it [92]. Corn stover price includes
the grower payment, which is a compensation to the farmer
for the fertilizers that he will use to recover the nutrients that
would have been obtained from decomposition of the corn
stover on the field [92].This makes corn stover expensive and
its price can vary greatly as fertilizer prices change annually
and regionally. In addition, to reduce the transportation cost,
which is significant, the plant has to be close to the source.
Since feedstock price has a large impact on the MESP, it
is important to use a realistic approach to this item when
performing an economic simulation.

Macrelli et al. [97] studied the costs of using sugarcane
to produce 1G and 2G (bagasse and leaves) in the same plant
using steampretreatment and enzymatic hydrolysis. By doing
so, they achieved a lower MESP than when producing just
2G ethanol. This kind of scheme is already used by Raı́zen,
as they produce sugar and later use the bagasse to produce
2G ethanol [11]. Therefore, they use the whole sugarcane and
they do not have the extra transportation cost that most 2G
ethanol plants have.

Duque et al. [98] andQuintero et al. [99]made an analysis
usingAspen Plus� for plants using agricultural residues from
Colombia using acid pretreatment, enzymatic hydrolysis, and
purification. Quintero et al. [99] added an energy generation
facility powered mostly by lignin, while Duque et al. [98] did
not include any heat exchange networks. Later Duque et al.
[98] proposed to add such facility as their utilities represented
45.3% of the variable cost. Quintero et al. [99] also show
the importance of including an energy generation system by
comparing the MESP with and without this system. They
obtained a lowerMESP for all the biomasses when generating
their own energy.

5. Future Perspectives

Bioethanol production from coconut husk might be a way
to benefit rural development as it is mainly obtained by
small producers. This way producers or cooperatives in
rural areas might obtain a fuel for personal use enhancing
energy security [1] and reducing waste volume, hence the
environmental impact that the husks discarding brings. In
order to make this possible it is crucial to have a simple and
low-cost process by developing an appropriate pretreatment
and access to cheaper enzymes. Since coconut husk is an
agroindustrial residue, it should enhance competitiveness
and social acceptance [8], as well as not presenting the ethical
issue found when food crops are used to produce biofuels.

Producing bioethanol from coconut husk still has many
challenges starting from the low concentration of sugars

achieved in most of the studies, less than the 8% (w/w) of
glucose needed to get a minimum of 4% (w/w) of ethanol
to have an economically viable process [81]. After surpassing
these sugar and ethanol concentrations the scale-up of the
processmust be done,where new challenges await, such as the
decrease of sugar and ethanol yield due to physical differences
between scales [100, 101], along with other technical and
financial issues that may arise.

For now, most of the studies for bioethanol produc-
tion from coconut husk have focused on the pretreatment
and hydrolysis steps; less than half of the articles have
addressed the fermentation to ethanol. It is important to
include fermentation data because even hydrolysates with
high sugar concentration may present problems when put to
fermentation due to the presence of inhibitors.

It would be helpful to standardize the way research data
are reported in order to facilitate the comparison of different
processes and steps, but this is not always possible. In the
case of the pretreatment step, one should include the biomass
composition before and after pretreatment. As for the hydrol-
ysis, as commented before, stating the glucose concentration
in the hydrolysate as well as the total fermentable sugars
that can be consumed by the microorganism used would
help to determine the effectiveness of the hydrolysis and the
fermentation. Stating the ethanol yield based on fermentable
sugars also helps to compare the fermentation with other
studies andmay be useful to alert to a possible problemdue to
inhibitors. It is always helpful to report the concentration of
inhibitors to determine if the simple sugars are being further
degraded. Moreover, it is important to report the amount of
sugar and ethanol obtained from a given mass of coconut
husk so that the efficiency of the process may be determined.

Nowadays, the most economical way to produce 2G
bioethanol is the biorefinery scheme, which is important
for strengthening and supporting the growing biobased
economy.

5.1. Biorefinery. The world is entering a new scenario
where many countries are taking substantial steps towards
a biobased economy. New bioproducts are beginning to
replace fossil based products, greenhouse gas emissions are
decreasing and innovative policies are emerging to support
these changes [102]. To establish the foundation of a biobased
economy, the use of biomass resources must be efficient and
sustainable.That goal can be achieved by biorefinery systems.

In an energy driven biorefinery system, the biomass is
primarily used to produce energy (biofuel, power and/or
heat), and other byproducts are upgraded to more added-
value products to optimize the economic and ecological per-
formance of the whole production process [103]. Larragoiti-
Kuri et al. [104] propose a biorefinery using corn cob as
a substrate that produces bioethanol and lactic acid from
the cellulose fraction, xylitol and succinic acid from xylose
(hemicellulose) and lignosulfonates from lignin. They opti-
mized product distribution by using economic potential,
specific energy intensity, and safety indexes as criteria.

Advances in biorefineries allow the development of
alternative products to avoid the accumulation of different
residues (Figure 3). As an example, 1,3-propanediol obtained
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proline, serine and threonine

Acetic acid, aconitic acid, adipic acid, ascorbic acid, citric acid,
formic acid, fumaric acid, glutaric acid, 3 hydroxypropionic

acid, itaconic acid , lactic acid, levulinic acid, malic acid,
malonic acid, oxalic acid, propionic acid and succinic acid

Glucaric acid and xylonic acid

Arabinitol, sorbitol and xylitol

Acetaldehyde, acetic anhydride, acetoin, acetone, ethylene
glycol, ethylene oxide, 2,5 furan dicarboxylic acid, furfural,

glycerol, 3-hydroxybutyrolactone and levoglucosan

Benzene, phenol, toluene, xylene, phenolic acids, catechols, vanillin, vanillic
acid, cinnamic acid, benzoic acid and syringaldehyde

Adsorbents, carbon fiber, dimethylsulfoxide (DMSO), food additive, fuel by pyrolysis or
gasification, lignosulfonates, polymer modifiers, adhesives and resins

Figure 3: Possible products obtained in a biorefinery [36–38].

from maize residues is important in the formation of poly-
mers. Also, succinic acid removed from various lignocellu-
losic residues is used in the chemical and pharmaceutical
industries. An important alternative to polyethylene is the use
of ether amylose derived from various wastes such as sugar-
cane, potato, and corn [105–108]. From an economic point
of view, Gnansounou and Dauriat [95] propose producing
a lower diversity of products with stable markets instead of
offering a larger number of products, some of which may be
unprofitable.

Up to now, all studies of the use of coconut husk for
bioethanol production have been made in a small scale and
only three studies mention the use of coconut husk as sub-
strate for a biorefinery [30, 32, 33]. These works only discuss
the possibility of using byproducts of ethanol production to
obtain other substances but no tests to obtain other products
have been reported. Gonçalves et al. [33] only suggested
the use of sugars, acetic acid, phenolic compounds, and
lignin found in the coconut hydrolysate to obtain different
products using a biorefinery scheme with no further detail.
Later, Gonçalves et al. [30] proposed using their process
to make ethanol from coconut husk to obtain also value-
added products. They propose that the phenolic compounds
obtained during pretreatment and autohydrolysis be used
as food additives, since they are antioxidants, while lignin
can be used to produce pharmaceutical and veterinarian
bioactive compounds and thermoplastic polymers, as well as

for energy production through gasification or pyrolysis.They
also suggest that xylans obtained fromhemicellulose undergo
another autohydrolysis to obtain xylooligosaccharide that can
be employed in food and pet feed. They suggest that other
substances present in the liquors can be used to obtain further
products but no specific applications are mentioned. On the
other hand, studies not focused on ethanol production show
the potential of coconut husks to produce furfural, levulinic
acid, formic acid, and acetic acid [109, 110].

Other applications for coconut husks different from
ethanol production andpossible byproductswere found, such
as polymer composites [111, 112] and adsorbents to remove a
wide range of water pollutants [113]. As the focus of this work
is ethanol production, further studies should be made to see
if the biomass remaining after the chosen process to obtain
ethanol can still be used for these purposes and analyze if this
strategy is economically viable.

6. Conclusion

Lignocellulosic ethanol production is a multistep process
with many factors that can greatly affect its efficiency. The
published coconut husk studies were performed in different
conditions throughout the ethanol production process, so it
is important to analyze various parameters to define which
procedure as a whole has the best results.The final objective is



BioMed Research International 17

to obtain the highest ethanol concentration permass of initial
substrate for the lowest price, which translates to simpler
processes with less energy consumption (lower temperature,
pressure, and process time) and less reagents that at the same
time have to be low-cost.

Using the concentration of sugars after hydrolysis as
a comparison parameter to determine the best method to
produce bioethanol is not the best strategy, since studies that
use SSF and SSSF do not show the obtained sugars because
they are consumed as they are produced. Additionally, most
of the works report sugars concentration as total reducing
sugars but not all these sugars are fermentable, so estimates
of ethanol production may not reflect reality. On the other
hand, ethanol yield is related to the transformation of those
sugars into ethanol, so comparing these results reflects the
ability of the microorganism to ferment the sugars that are
present in the hydrolysate. This study showed that alkaline
pretreatment is the best method in the case of coconut husk.
The highest ethanol yields using coconut husk as a substrate
were obtained by Gonçalves et al. [33] using SSSF. The
highest ethanol concentration was obtained by Jannah and
Asip [28] using an alkaline pretreatment and acid hydrolysis,
achieving yields above the 4% (w/w) of ethanol required for
an economically feasible distillation.

Finally, the most significant coconut producers are eco-
nomically developing nations and the industrial residues
generated by this culture impose a serious environmental
problem. Biorefining this material for the production of
ethanol and other molecules with greater added value would
enable these countries to create new jobs and boost income.
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do coco verde como substrato agŕıcola,”Horticultura Brasileira,
vol. 20, no. 4, pp. 533–535, 2002.

[42] S. Sun, S. Sun, X. Cao, and R. Sun, “The role of pretreatment
in improving the enzymatic hydrolysis of lignocellulosic mate-
rials,” Bioresource Technology, vol. 199, pp. 49–58, 2016.

[43] M. Galbe and G. Zacchi, “Pretreatment: the key to efficient
utilization of lignocellulosic materials,” Biomass & Bioenergy,
vol. 46, pp. 70–78, 2012.

[44] N. Sarkar, S. K. Ghosh, S. Bannerjee, and K. Aikat, “Bioethanol
production from agricultural wastes: an overview,” Journal of
Renewable Energy, vol. 37, no. 1, pp. 19–27, 2012.

[45] Y. Sun and J. Cheng, “Hydrolysis of lignocellulosic materials for
ethanol production: a review,” Bioresource Technology, vol. 83,
no. 1, pp. 1–11, 2002.

[46] E. D. Albuquerque, F. A. G. Torres, A. A. R. Fernandes, and P.M.
B. Fernandes, “Combined effects of high hydrostatic pressure
and specific fungal cellulase improve coconut husk hydrolysis,”
Process Biochemistry, vol. 51, no. 11, pp. 1767–1775, 2016.

[47] A. Fatmawati and R. Agustriyanto, “Kinetic study of enzymatic
hydrolysis of acid-pretreated coconut coir,” in Proceedings of the
2nd International Conference of Chemical and Material Engi-
neering: Green Technology for Sustainable Chemical Products
and Processes, ICCME 2015, Indonesia, September 2015.

[48] J. Soares, M. M. Demeke, M. Van de Velde et al., “Fed-
batch production of green coconut hydrolysates for high-
gravity second-generation bioethanol fermentation with cellu-
losic yeast,” Bioresource Technology, vol. 244, pp. 234–242, 2017.

[49] M. M. S. Cabral, A. K. D. S. Abud, C. E. D. F. Silva, and R. M. R.
G. Almeida, “Bioethanol production from coconut husk fiber,”
Ciência Rural, vol. 46, no. 10, pp. 1872–1877, 2016.

[50] J. Soares, M. M. Demeke, M. R. Foulquié-Moreno et al., “Green
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Padilha et al., “Enhancing enzymatic hydrolysis of coconut husk
through Pseudomonas aeruginosa AP 029/GLVIIA rhamno-
lipid preparation,” Bioresource Technology, vol. 237, pp. 20–26,
2017.

[52] T.-Y. Ding, S.-L. Hii, L.-G.-A. Ong, and T.-C. Ling, “Investi-
gating the Potential of Using Coconut Husk as Substrate for

https://www.spo.cnptia.embrapa.br/


BioMed Research International 19

Bioethanol Production,” in Proceedings of the 2011 International
Conference on Biotechnology and Environment Management
(ICBEM 2011), Singapore, 2011.

[53] T. Y. Ding, S. L. Hii, and L. G. A. Ong, “Comparison of
pretreatment strategies for conversion of coconut husk fiber to
fermentable sugars,” Bioresources, vol. 7, no. 2, pp. 1540–1547,
2012.

[54] M. Ebrahimi, A. R. Caparanga, E. E. Ordono, and O. B. Villaflo-
res, “Evaluation of organosolv pretreatment on the enzymatic
digestibility of coconut coir fibers and bioethanol production
via simultaneous saccharification and fermentation,” Journal of
Renewable Energy, vol. 109, pp. 41–48, 2017.

[55] Y. Yu, X. Lou, and H. Wu, “Some recent advances in hydrolysis
of biomass in hot-compressed water and its comparisons with
other hydrolysis methods,” Energy& Fuels, vol. 22, no. 1, pp. 46–
60, 2008.

[56] A. K. Chandel, G. Chandrasekhar, M. B. Silva, and S. Silvério
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The classic assay for a large population biomass is time-consuming, labor intensive, and chemically expensive. This paper would
find out a rapid assay for predicting biomass digestibility from biomass structural features without hydrolysis. We examined the
62 representative corn stover accessions that displayed a diverse cell-wall composition and varied biomass digestibility. Correlation
analysis was firstly to detect effects of cell-wall compositions and wall polymer features on corn stover digestibility. Based on the
dependable relationship of structural features and digestibility, a neural networks model has been developed and successfully
predicted the corn stover saccharification based on the features without enzymatic hydrolysis. The actual measured and net-
simulated predicted corn stover saccharification had good results as mean square error of 1.80E-05, coefficient of determination of
0.942 and average relative deviation of 3.95. The trained networks satisfactorily predicted the saccharification results based on the
features of corn stover. Predicting the corn stover saccharification without hydrolysis will reduce capital and operational costs for
corn stover purchasing and storage.

1. Introduction

Bioethanol production from lignocellulosic materials has
drawn worldwide attention due to the concern about deple-
tion of fossil fuel. In China, corn stover is one of the most
common agricultural residues and can be used as feedstock
to produce fuel ethanol because of its abundance, high
carbohydrate content, and low cost.

As the second generation of biofuels, corn stover conver-
sion into bioethanol principally involves three major steps:
physical and chemical pretreatments for cell-wall disassocia-
tion, enzymatic digestion towards soluble sugar release, and
yeast fermentation resulting in ethanol production [1]. In
this process, corn stover saccharification is the critical step
due to its complex structures and recalcitrance [2]. Many
factors such as cell-wall compositions, wall network styles,
and wall polymer features affect the corn stover digestibility
[3]. For example, plant cell walls are mainly composed of
cellulose, hemicelluloses, and lignin. Cellulose is a long chain
of glucose molecules linked to one another primarily by
glycosidic bonds [4]. Cellulose makes up about 30% of the

drymass of primary cell walls and up to 40% of the secondary
cell walls. The hydrogen bonds between different layers
of polysaccharides and the van der Waals forces between
the parallel chains contribute to the crystalline structure
of cellulose. The cellulose crystalline regions alternate with
amorphous regions [5, 6]. The crystalline index (CrI) and
hydrogen-bond intensity (HBI) have been characterized as
themajor features that affect biomass enzymatic hydrolysis in
plants [7]. Lignin is associated with cellulose or hemicellulose
to form a cell-wall network that is extremely recalcitrant for
enzyme penetration and degradation [8]. Lignin is composed
of three major phenolic components: p-coumaryl alcohol
(H), coniferyl alcohol (G), and sinapyl alcohol (S) [9]. The
efficiency of biomass saccharification during biofuel produc-
tion is strongly affected not only by the total amount of lignin
but also by the lignin monomer composition in plants [10].

Because of the heterogeneous nature of corn stover and
many factors affecting corn stover hydrolysis, corn stover
digestibility only can be measured by saccharification with
a high enzyme loading for at least 72 h. It would require a
significant resource investment in order to analyze a large
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number of samples. Therefore, the classic assay for corn
stover digestibility is time-consuming, labor intensive, and
chemically expensive and appears to be unsuitable for screen-
ing of large population samples [11]. Therefore, development
of a rapid prediction of corn stover digestibility based on
cell-wall features became more imperative. Understanding
lignocellulosic features and their effects on corn stover
saccharification is scientifically important for the prediction
model development. This study exploited the relationship
between the key determinants of plant walls and corn stover
enzymatic digestion. In this paper, an artificial neural net-
work (ANN) has been developed and successfully predicted
the corn stover saccharification based on the corn stover fea-
tures without enzymatic hydrolysis. This was accomplished
by supplying the networks with both inputs (i.e., biomass
structural features) and outputs (i.e., experimental measured
saccharification from 62 corn stover samples). Successfully
predicting biomass digestibility from structural features is
highly valuable for the rapid assessment corn stovers, thus
reducing the saccharification cost. This work will provide a
way for the pricing of corn stover purchasing and storage in
the future of biomass energy industry.

2. Material and Method

2.1. Plant Materials. The corn stover samples were typically
selected fromaccessions collected inChina.The sampleswere
harvested from an experimental field in Jinan. The mature
stem tissues were collected and dried tissues were ground
through a 60-mesh screen and stored in a dry container until
use.

2.2. Plant Cell-Wall Components Analysis. The cellulose and
hemicelluloses contents of corn stover were quantitatively
analyzed according to the NREL Laboratory Analytical Pro-
cedures (NREL, 2006) for biomass using a two-step acid
method [12]. Glucan and xylan contents were calculated
according to (1) and (2), where factors of 0.9 and 0.88
reflect the weight loss in converting glucose into glucan and
xylose into xylan, respectively [13]. Acid-soluble lignin and
acid-insoluble lignin were determined according to Chinese
standard methods [13].

Glucan content (%)

=
Glucose released from acid hydrolysis (mg) × 0.9

Samples weight (mg)

× 100%.

(1)

Xylan content (%)

=
Xylose released from acid hydrolysis (mg) × 0.88

Samples weight (mg)

× 100%

(2)

2.3. FT-IR Spectroscopy and X-Ray Diffraction (XRD) Analy-
sis. The sample was dried at -20∘C at 24 h by vacuum dryer

(FD-IC-50, Beijing). Infrared spectra were determined using
an FT-IR 710 infrared spectrophotometer (Nicolet, Madison,
WI). A total of 100 scans with a 2 cm−1 resolution were
signal-averaged and stored; the wave number range scanned
was 4000-400 cm−1.The ratio of absorbance at 4000-2995
cm−1 to those at 1337 cm−1 of C-OH in-plane stretching was
introduced as empirical criterion of hydrogen-bond intensity
(HBI) [13].

HBI = Absorbance (4000 - 2995 cm-1)
Absorbance (1337cm-1)

. (3)

The crystallinity of samples was examined by XRD
measurements performed on a Bruker D8 Advance Diffrac-
tometer usingCuK𝛼 radiation (𝜆=0.1541 nm) at 30 kV and 30
mA.The sample was scanned, and the intensity was recorded
in 2𝜃 range from 10 to 80∘.

To compare the intensity difference and determine the
pretreatment effect, the CrI of the corn stover was calculated
by referring to the diffraction intensities of the crystalline area
and amorphous region using the following:

CrI = I002 − Iam
I
002

. (4)

2.4. Fourier Transform Raman (FT-Raman) Spectroscopy. To
evaluate S/G ratios by FT-Raman spectroscopy, a recently
developed spectral deconvolution method was used [14].
Raman spectra were collected from samples using a Bruker
MultiRAM FT-Raman spectrometer with 1064 nm excitation
(Bruker Optics, Inc., Billerica, MA). Laser power of 50 mW
and scan number of 256 were used at a spectral resolution of
4 cm−1. The acquired spectra were mildly smoothed and the
spectral range of 1220–1530 cm−1 was selected and baseline
corrected using OPUS software (Bruker Optics, Inc.). The
spectra were then deconvoluted at medium sensitivity using
OMNIC software (Thermo Fisher Scientific, Inc., Waltham,
MA). For each spectrum, S/G andH/G ratios were calculated
as intensity ratio of the resolved target peaks (1331 cm−1 for S,
1270 cm−1 for G, and 1215 cm−1 for H) [14, 15].

2.5. Analysis of Biomass Enzymatic Digestibility. The biomass
was subjected to the enzymatic hydrolysis by cellulase at 50∘C
for 72 h in triplicate. Hydrolysis experiments were conducted
in 50 mL Erlenmeyer flasks with a total working volume of
20 mL while maintaining the substrate concentration of 5%
(w/v). The enzyme loading was 20 FPU/g substrate. 0.5%
NaN
3
was added To the reaction mixtures to prevent micro-

bial contamination. The samples were removed at regular
intervals, and the supernatants were boiled to denature the
enzyme activity and filtered through a 0.22 𝜇m filter for
glucose content analysis. After hydrolysis was completed,
the residues were separated from liquid by centrifugation,
decantation, and filtration. Glucose in enzymatic-hydrolysis
liquor was measured by high performance liquid chromatog-
raphy (HPLC) (Shimadzu, Kyoto, Japan) with a refractive
index detector (Shimadzu) on an Aminex HPX-87H column
(Bio-Rad, Hercules, CA, USA) run at a flow rate of 0.6
mL/min at 60∘C, with 5 mMH

2
SO
4
as mobile phase [13].
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Figure 1: General framework of the model-based approach used
in neural network model and to optimize the enzymatic-hydrolysis
results of corn stover.

2.6. Statistical Calculation of Correlation Coefficients. Corre-
lation coefficients were generated by performing regression
analysis for all pairs of measured traits across the whole
population. The analysis used average values calculated from
all original determinations for a given traits pair.

2.7. Artificial Neural Network. An artificial neural network,
analogous to the behavior of biological neural structure, is an
effective empirical modeling tool in approximating nonlinear
functions, pattern recognition, and classification problems
[16].Neural networks perform the correlationwithout requir-
ing a mathematical description of how the output depends
on the input, which gives neural networks a key advantage
over traditional approaches to function estimation. Instead,
neural networks learn from examples of input-output data
sets supplied to them [17].

The fitting of the experimental data was performed
in MATLAB using the neural network toolbox available
in MATLAB (MathWorks, Natick, MA, USA). A multi-
layer feed-forward backpropagation neural network was the
framework chosen for 18 networks. A neural network is an
array of nodes linked by connections. The neural network
model in this paper was the general regression neural net-
work (GRNN). GRNN was a form of ANN. This GRNN cre-
ates a multilayer network. The first layer has radbas neurons
and calculates weighted inputs with dist and net input with
netprod.The second layer has purelin neurons and calculates
weighted input with normprod and net inputs with netsum.
There are six neurons in the input layer, namely, cellulose
content, lignin content, CrI, HBI, S/G, and H/G. Hidden
layers are employed to perform complex and nonlinear
functions on the network (Figure 1). The neurons number in
the hidden layer was the sample number. The relative weight
of each input factor was the transposition of each input value.
Lower values of MSE indicate better suitability of the model.
After correct simulation on test points based on the MSE
and correlation coefficient (R2), training was then performed
on all data. After training the ANN using the training data
set, validation data was used to evaluate the performance of

the training based on the ability to correctly predict/simulate
the validation data. The total sugar yield released from corn
stover was used in the output layer. The data set used for
training the GRNNmodel contains 62 input/output patterns.
We simplified the modeling process. 76% of all samples are
taken up for training and 24% of all samples for testing the
model.The goal of training a network is tominimize the error
between the actual outputs and the network outputs, called a
training algorithm.The network outputs are compared to the
actual target values until the square error is satisfied.

The mean square error (MSE) was minimized by making
adjustments to the network parameters, namely, error goal,
maximum number of iterations, validation checks, etc. In
order to further evaluate the prediction performance, mean
square error (MSE) coefficient of determination (R2) and
average relative deviation (ARD) were utilized as the index
of the prediction error of a batch:

𝑀𝑆𝐸 = 1
𝑛

⋅
𝑛

∑
𝑖=1

(𝑎𝑐𝑡𝑢𝑎𝑙 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 V𝑎𝑙𝑢𝑒
𝑖
− 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 V𝑎𝑙𝑢𝑒

𝑖
)2 .

𝐴𝑅𝐷 = 100
𝑛

×
𝑛

∑
𝑖=1


𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 V𝑎𝑙𝑢𝑒

𝑖
− 𝑎𝑐𝑡𝑢𝑎𝑙 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 V𝑎𝑙𝑢𝑒

𝑖

𝑎𝑐𝑡𝑢𝑎𝑙 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 V𝑎𝑙𝑢𝑒
𝑖



𝑅2 = 1

−
∑𝑛
𝑖=1
(𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 V𝑎𝑙𝑢𝑒

𝑖
− 𝑎𝑐𝑡𝑢𝑎𝑙 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 V𝑎𝑙𝑢𝑒

𝑖
)2

∑𝑛
𝑖=1
(𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 V𝑎𝑙𝑢𝑒

𝑖
− 𝑎𝑐𝑡𝑢𝑎𝑙 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 V𝑎𝑙𝑢𝑒)

2

(5)

Lower values of MSE indicate better suitability of the model.
Figure 1 shows the general framework of the neural network
model used in this study. The cellulose content, lignin
content, CrI, HBI, S/G, and H/G were taken as the input
vectors to the model, whereas the total sugar yield released
from corn stover were the output vectors. The purpose of
developing such amodel is to obtain the optimum sugar yield
upon varying input parameters.

3. Results and Discussion

3.1. Analysis of Cell-Wall Composition in Corn Stover. Con-
sidering natural corn stover accessions include various eco-
logical types and genetic germplasms, 62 representative
corn stover samples that showed a large variation of plant
cell-wall composition were selected. The cell-wall polymer
composition of corn stover was analyzed (Figure 2). A diverse
cell-wall composition (cellulose, hemicellulose, and lignin)
was observed between different corn stover samples. The
coefficient of variation (CV) values for cellulose, hemicellu-
lose, and lignin were 21.67%, 11.47%, and 8.53%, respectively.
The cellulose content of 62 corn stover samples were ranging
from 23.50% to 45.17% (% drymatter), hemicellulose ranging
from 19.86% to 31.33%, lignin ranging from 6.29% to 14.82%.
The contents of cellulose, hemicellulose, and lignin also were
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Figure 2: Variation of cell-wall composition of corn stover samples
(n=62). The line and square in the box presented the median and
mean values of all data; the bottom and top edges of the box
indicated 25 and 75 percentiles of all data, respectively; and the
bottom and top bars presented maximum and minimum values of
all data, respectively.

significantly different. The large variation on cell-wall poly-
mer composition offers a possibility of analyzing correlation
of cell-wall compositionwith biomass saccharification.Apre-
viously described [18] biomass saccharification was defined
by accounting the total sugar yield (hexose and pentose
/ dry weight) from enzymatic hydrolysis. In this current
study, we determined the total sugar yield released from
enzymatic hydrolysis in the total 62 corn stover accessions.
The selected corn stover samples showed a great variation
of biomass saccharification. The diversity of corn stover and
saccharification can provide the possibility for analysis of the
effects of cellulose features on biomass saccharification.

3.2. Effects of Cell-Wall Composition on Corn Stover Enzymatic
Digestibility. Due to the diverse compositions of plant cell
walls, the 62 corn stover samples exhibited largely varied
biomass digestibility. Correlation analysis was performed
between cellulose and lignin content from 62 corn stover
samples and enzymatic saccharification rate (Figure 3). As
a result, the cellulose level showed positive correlation with
the glucose yield from 62 corn stovers. The correlation
R2 value between the cellulose content and corn stover
saccharification was 0.4219, while the correlation R2 value
between the lignin content and corn stover saccharification
was 0.4068.

3.3. Effects of Wall Polymers on Corn Stover Enzymatic
Digestibility. The cellulose microfibrils have both crystalline
and amorphous regions, and the crystallinity is given by the
relative amounts of these two regions. The major part of
cellulose (around 2/3 of the total cellulose) is in the crystalline
form. It was shown that cellulase readily hydrolyzes the
more accessible amorphous portion of cellulose, while the
enzyme is not so effective in degrading the less accessible
crystalline portion. The 62 corn stover samples exhibited
largely varied crystalline. A correlation analysis was per-
formed to ascertain the distinct impacts of biomass features
on biomass saccharification. CrI is customarily detected
using rawbiomassmaterials andhas briefly been reported as a
negative factor on biomass digestibility [19]. The correlation

R2 values between the CrI and corn stover saccharification
was 0.7072, which suggested that CrI showed a significantly
negative correlation (Figure 3). Decreasing the crystallinity
of corn stover could result in the increase of digestibility
of lignocelluloses. Lower CrI would offer favorable access
of cellulase to the substrate and higher biomass digestibility
(Pei et al., 2016). This finding is consistent with several
reports [20]. However, there has been also opposite results on
correlation between crystallinity and enzymatic hydrolysis.
Grethlein [21] pretreated hardwood and softwood by mild
acid hydrolysis and determined their pore size distribution. It
was shown that the crystallinity index has no relationship to
the rate of hydrolysis. Kim andHoltzapple [22] found that the
degree of crystallinity of corn stover slightly increased from
43% to 60% through delignification with calcium hydroxide,
which was related to removal of amorphous components
(lignin and hemicellulose). However, an increase in crys-
tallinity of pretreated materials did not negatively affect the
yield of enzymatic hydrolysis. Fan et al. [23] studied the effect
of ball milling on surface area and crystallinity of cellulose.
They observed an increase in crystallinity of cellulose by
reducing the size of cellulose by milling. It is believed that
recrystallization during water swelling may increase the
crystallinity of highly ball-milled cellulose. There are two
conflicting opinions that are caused by analytical methods for
crystallinity.The crystallinity of pretreated biomass increased
relatively by decrease in amorphous portion, e.g., lignin and
hemicellulose. Maybe the most significant limitation is that
they did not address the potential cross effects between
structural features that may have occurred during pretreat-
ment. Most pretreatments alter several structural features
simultaneously. Studies that alter targeted structural features
while ignoring the effect on nontargeted features may result
inmisleading information.Therefore the correlation between
crystallinity and enzymatic hydrolysis could not be explained
just by relative crystalline index. In this paper, it may be more
correct to analyze the correlation between crystallinity and
corn stover saccharification which was analyzed for raw corn
stover.

The hydrogen-bond intensity (HBI) is a property specific
to cellulose, considering the chain mobility and bond dis-
tance; the HBI of cellulose is closely related to the crystal
system and degree of intermolecular regularity, i.e., crys-
tallinity [24]. The correlation R2 values between the HBI
and corn stover CrI was 0.55. Therefore, the correlation R2
values between the HBI and corn stover saccharification was
0.6969, which suggested that HBI, like the CrI, showed a
significantly negative correlation (Figure 3). Decreasing the
HBI of corn stover could result in the increase of digestibility
of lignocelluloses.

3.4. Correlation of Monolignin with Corn Stover Saccharifica-
tion. Given the structural diversity and chemical heterogene-
ity of lignin, evaluation lignin effect on biomass digestibility
could be difficult [25]. The efficiency of corn stover saccha-
rification is strongly affected not only by the total amount
of lignin but also by the lignin monomer composition in
plants. Determination of the relative abundance of the lignin
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Figure 3: Correlation analysis between cell-wall composition (cellulose content, lignin content) / cell-wall features (CrI, HBI, S/G, H/G) of
corn stover and enzymatic saccharification (n=62).

monomers, particularly the S/G ratio and H/G ratio, is very
important to fundamentally elucidate lignin structure [11].
The S/G and H/G have been determined by FT-Raman spec-
troscopy. The corn stover samples with high saccharification
displayed relatively higher H/G values. The correlation R2
values between the H/G and corn stover saccharification was
0.5327, which suggested that H/G ratio had a possible positive
correlation with corn stover saccharification (Figure 3). This
result was consistent with the previous report that is the
first time report of H/G as a positive factor in biomass
enzymatic saccharification inwheat and rice [3]. On the other
hand, although S/G has been reported as a negative factor
in Miscanthus and other plants [18], the corn stover samples
in this paper exhibited different result. The correlation R2
value between the S/G and corn stover saccharification was
0.6023, which suggested that S/G showed a possible positive
correlation in corn stover saccharification. To understand
the positive effect of S/G on corn stover saccharification,
we further performed correlation analyses between S/G and

CrI in the 62 corn stover accessions. Surprisingly, the corn
stovers with high S/G ratios were found to have relatively
higher cellulose CrI values. The possible negative correlation
R2 value between the S/G and corn stover CrI was 0.4623. It
suggested that S monomer may have a different interlinking
with wall polymers. The exact crossing network between
cellulose, hemicellulose, and lignin is far from clear [26].
With the knowledge now we could only tentatively speculate
that the lignin monomers might be more important for
cellulose-hemicellulose-lignin network and secondary cell-
wall recalcitrance. The S monomer may have a different
interlinking with wall polymers [18], which could reduce
cellulose network.

3.5. Building the Neutral Network Model for Predicting. The
62 corn stover samples contained the following structural
features: cellulose content, lignin content, crystallinity, HBI,
S/G ratio, and H/G ratio, respectively. The wide spectrum of
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Figure 4: Comparison of the predicted value with the actual
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Figure 5: Experimental validation of model predicted total sugar
yields. Comparison of neural network model predicted and experi-
mental total sugar yields.

structural features made it possible to develop reliable empir-
ical models to predict biomass digestibility from structural
features. The neutral network model has been trained and
built on the features of 62 corn stover samples through rolling
learning-prediction approach. The selection of the most
appropriate parameters for ANN modeling is considered
of paramount importance for prediction of the hydrolysis
process [27]. In the present work, to test the prediction
capabilities of the neural networkmodel, the predicted values
obtained from themodel are comparedwith the experimental
values. The coefficient of determination (R2) and the average
relative deviation (ARD) were 0.942 and 3.95, respectively
(Table 1). The average of MSE of the net-simulated outputs of
glucose released from corn stover samples features is 1.80E-
05, which lies near zero. The R2 value of testing set was
found to approach unity which confirms the reliability of
the model in predicting the total sugar yield. Net-simulated
outputs of total sugars released from 15 corn stover samples

Table 1: Performance of neural network model.

Statistical parameter Value
R2 0.942
MSE 1.80E-05
ARD 3.95

features were compared with measured values as shown
in Figure 4. It is evident that the relative error between
experimentally observed and model predicted values is very
low. Performance of the model in describing the correlation
between experimental and predicted total sugar yield are
shown in Figure 5.The results showed that the neural network
model has predictions that are closer to the line of perfect pre-
diction.The agreement inmeasured and net-simulated slopes
and intercepts indicated the trained networks satisfactorily
predicted the saccharification results based on the features of
corn stover. It has been reported in literature that ANNs are
flexible as new data can be added anytime giving fitting [27].

4. Conclusions

Based on the structural features and saccharification of a large
number of corn stover samples, a neural networks model
has been developed and was demonstrated applicable for the
prediction of the corn stover saccharification based on the
features without enzymatic hydrolysis.The predicted value of
corn stover digestibility via this model was very similar with
the actual determined value of corn stover saccharification.
This neural network model could offer the fast approach for
bioenergy crops selection. In the future, the neural network
model will have good application for corn stover storage and
evaluation, which will be cost-effective and time-saving.
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Oxytetracycline and copper are the common residues in animal manures. Meanwhile, anaerobic digestion is considered as
a clean biotechnology for the disposal of animal manures. In this paper, the performance of anaerobic digesters and the
dynamics of bacterial communities under the different treatments of oxytetracycline and copper were discussed. The parameters
of methane production and pH values were studied to reflect the performance of anaerobic digester. Results showed that the
changes of methane production and pH values were not obvious compared with the control. This means that the treatments of
oxytetracycline and copper almost have no effects on the performance of anaerobic digesters. This phenomenon might be due to
the chelation reaction between oxytetracycline and copper. This chelation reaction might reduce the toxicity of oxytetracycline.
The study on the dynamics of bacterial communities was based on the polymerase chain reaction-denaturing gradient gel
electrophoresis (PCR-DGGE) method. Results indicated that the bacterial communities had significant differences under the
different treatments of oxytetracycline and copper. Uncultured Bacteroidetes bacterium (CU922272.1) and uncultured Bacteroidetes
bacterium (AB780945.1) showed adaptability to the different treatments of oxytetracycline and copper and were the dominant
bacterial communities.

1. Introduction

With the development of livestock, the residual antibiotics
and heavy metals in animal manure have attracted more
and more world-wide attention. This residual phenomenon
is due to the low bioavailability of antibiotics and heavy
metals which are widely added to the feeds in order to control
diseases and enhance the growth of livestock animals [1–
4]. Heuer et al. [5] found that 30–90% of the antibiotics as
feeding additives were excreted through urine and manures.
The residual metals in manure were also considerable [6, 7].
Oxytetracycline and copper are the common residues in ani-
mal manures. It was found that the residual oxytetracycline
in cow manure ranged from 0.32 mg/kg to 59.59 mg/kg [8].

The residual copper could reach up to 481.5 mg/kg in cattle
manures [9]. These residual antibiotics and heavy metals can
cause the potential threats to environment. Therefore, it is
necessary to find appropriate methods to solve the problems
of residual oxytetracycline and copper in animal manure.

Animal manures belong to the organic wastes. The
common methods of the disposal of manure include aero-
bic composting and anaerobic digestion [10–12]. Compared
to other methods, anaerobic digestion belongs to a clean
biotechnology which can produce biogas [13]. Meanwhile,
the use of biogas can reduce the consumption of fossil fuels
and the emissions of greenhouse gases [14, 15]. The residual
digestate after anaerobic digestion can be used as an improved
fertilizer [16].
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Table 1: Different treatments of oxytetracycline and copper in the laboratory-scale anaerobic digesters.

Treatments Oxytetracycline
dry weight (mg/kg)

Copper (dose as CuSO
4
)

dry weight (mg/kg)
A1 20 100
A2 20 200
A3 20 300
B1 50 100
B2 50 200
B3 50 300
C1 100 100
C2 100 200
C3 100 300
Control 0 0

The performance of anaerobic digester can be reflected
by methane production and pH values [17, 18]. Furthermore,
anaerobic digestion is considered to be a biological process
which involves many classes of bacteria. It consists of four
stages: hydrolysis, acidogenesis, acetogenesis, and methano-
genesis [19, 20]. Bacterial communities show dynamics dur-
ing the process of anaerobic digestion. Bouallagui et al.
[21] studied the dynamics of bacterial communities in a
two-phase anaerobic bioreactor. They found that the species
composition of bacterial communities had very significant
changes during the process of anaerobic digestion. Patil et al.
[22] studied the dynamics of microbial community via poly-
merase chain reaction-denaturing gradient gel electrophore-
sis (PCR-DGGE) and found that Firmicutes and uncultured
bacteriawere the dominant genera in themesophilic digesters
treating with piggery wastewater. However, there is still short
of the study on the dynamics of bacterial communities
under the treatments of oxytetracycline and copper during
anaerobic digestion.

The objectives of this study were to evaluate the per-
formance of anaerobic digesters and discuss the dynamics
of bacterial communities under the treatments of oxytetra-
cycline and copper during the anaerobic digestion of cow
manure. Methane production and pH values were measured
and analyzed to reflect the performance of anaerobic diges-
tion. Furthermore, the PCR-DGGE method was used to
discuss the dynamics of bacterial communities.

2. Materials and Methods

2.1. Experimental Set-Up and Analytical Methods. Cow
manure samples were taken from the surrounding country-
side Shenyang City, China. Then the samples were stored in
a refrigerator at 4∘C before used. The physical and chemical
properties of samples were as follows: total solids, 25.67%;
pH value, 8.26; volatile organic acids, 878.4 mg l−1; and
organic carbon, 42.75%. Laboratory-scale anaerobic digesters
(1 L) were prepared. Then each digester was added with
200 g cow manure. Different amounts of oxytetracycline and
copper (dose as CuSO

4
) were added to each digester (Table 1).

In this experiment, the fermentation broth of digested cow

manure was used as the inoculum. Each anaerobic digester
was inoculated with 200 ml inoculum, then continuously
stirred, andmaintained at amesophilic condition of 37∘C in a
water bath. All the experiments were performed in triplicate.
Methane production was measured by gas chromatography
(GC-14B, Shimadzu, Japan). The pH values were determined
using a hand-held pH meter.

2.2. DNAExtraction and PCR-DGGE. Total genomicDNAof
manure samples was extracted on days 1, 15, and 50, respec-
tively. In this experiment, the primers 341F with 40 bp GC-
clamps and 907Rwere used for the polymerase chain reaction
amplification [23]. The operations of DNA extraction and
PCR-DGGE were carried out as the previous study [24],
but with some modifications that the electrophoresis was
performed in a 7 L 1×TAE buffer at 60∘C for 6 h at 180 V in
this experiment.

2.3. Sequencing and Phylogenetic Analysis. The selected
DGGE bands were reamplified and electrophoresed to con-
firm the mobility and then transported to Beijing Huada
Gene Company (Beijing, China) for sequencing.Through the
CLUSTAL X and MEGA 4.0, the phylogenetic tree was built
via the neighbor-joining method [25].

2.4. Nucleotide Sequence Accession Numbers. Nucleotide
sequences were deposited in the NCBI nucleotide sequence
databases to get the accession numbers: KM491540-
KM491545.

3. Results and Discussion

3.1. The Performance of Anaerobic Digesters

3.1.1. Methane Production. Methane production under the
different treatments of oxytetracycline and copper is present
in Figure 1. The highest methane production under treat-
ments A1, A2, A3, B1, B3, B4, C1, C2, C3, and the control
was 331.9 ml (day 15), 399.5 ml (day 10), 556.2 ml (day
10), 371.7 ml (day 15), 510.5 ml (day 10), 360.5 ml (day 10),
399.5 ml (day 10), 460.3 ml (day 10), 516.8 ml (day 10),
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Figure 1: Variations of methane production with time under
different oxytetracycline and copper treatments.

and 302.7 ml (day 15), respectively. At the first five days,
the process of anaerobic digestion was not stable. Then the
methane production increased until the 10th day. Compared
with the control, the curve of methane production had
nonsignificant differences after the 25th day. This might be
caused by the chelation reaction between oxytetracycline and
copper. Pouliquen and Le Bris [26] found that oxytetracycline
was likely to form complexes with mineral cations. More-
over, Hassan et al. [27] reported that oxytetracycline could
form the copper-oxytetracycline chelates. Previous studies
had found that oxytetracycline had inhibition on methane
production during the anaerobic digestion [28, 29]. However,
the chelation reaction between oxytetracycline and copper
might reduce the toxicity of oxytetracycline. Therefore, the
treatments of oxytetracycline and copper had little effect on
the methane production.

3.1.2. The pH Values. The changes of pH values during the
anaerobic digestion are shown in Figure 2. The pH values
under all treatments ranged from 6.61 to 7.31. This range
belongs to the optimal pH values to produce maximal
biogas yield. Throughout the process of anaerobic digestion,
pH values gradually increased. This might be due to the
continuous stirringwhich couldmake cowmanure continued
dissolution. The highest pH values which were all present at
the end of the anaerobic digestion were 7.21 (treatment A1),
7.24 (treatment A2), 7.25 (treatment A3), 7.22 (treatment B1),
7.31 (treatment B2), 7.23 (treatment B3), 7.18 (treatment C1),
7.28 (treatment C2), 7.27 (treatment C3), and 7.14 (control). As
is shown in Figure 2, the pH values under all treatments did
not present significant differences comparedwith the control.
This means that the treatments of oxytetracycline and copper
almost have no significant effects on the pH values during the
process of anaerobic digestion of cow manure.
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Figure 2: Variations of pH value with time under different oxyte-
tracycline and copper treatments.

3.2. Dynamics of Bacterial Communities. Dynamics of bac-
terial communities under the different treatments of oxyte-
tracycline and copper are present via the DGGE fingerprints
in Figure 3. The DGGE band patterns showed significant
differences and clear changes under different treatments.
Bands H1, H2, and H4 were detected at day 10. However,
they disappeared at day 50. Band H3 could only be observed
at day 50. Bands H5 and H6 were present under all the
treatments of oxytetracycline and copper during the whole
process of anaerobic digestion. They were the dominant
bacterial communities.

Although band H5 was not shown at the control DGGE
bands of day 1, it appeared at the control DGGE bands of
day 10 and day 50. In contrast, band H6 was shown at all
DGGE bands. This indicated that band H6 seemed to play
as the functional bacteria. Through the sequence similarity
analysis by the BLAST program, these six bacterial sequences
were conducted by homology comparison (Table 2). The
phylogenetic tree was established in Figure 4. Results showed
that Band H2 had 98% similarity to uncultured bacterium
(KJ853330.1). Band 4 was closely related to Acidovorax sp.
(JQ912595.1). Hoshino et al. [30] found that Acidovorax
sp. played an important role in denitrification. Band 3
had high similarity to uncultured Cytophagales bacterium
(HQ692035.1). Band H1 shared 95% similarity with Porphy-
romonadaceae bacterium (HQ133063.1). These three kinds of
bacteria all could be detected in the anaerobic digestion [31,
32]. Band H5 had 99% similarity to uncultured Bacteroidetes
bacterium (CU922272.1). Band H6 was closely related to
uncultured Bacteroidetes bacterium (AB780945.1). Riviere et
al. [33] reported that uncultured Bacteroidetes bacterium
(CU922272.1) existed in the mesophilic anaerobic digestion
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Table 2: Closest relatives of the bacterial 16S-rRNA gene sequences.

DGGE band Closest GenBank Relative (accession number) Sequence
homology (%)

Accession
Number

H1 Porphyromonadaceae bacterium (HQ133063.1) 95% KM491540
H2 Uncultured bacterium (KJ853330.1) 98% KM491541
H3 Uncultured Cytophagales bacterium (HQ692035.1) 90% KM491542
H4 Acidovorax sp. (JQ912595.1) 99% KM491543
H5 Uncultured Bacteroidetes bacterium (CU922272.1) 99% KM491544
H6 Uncultured Bacteroidetes bacterium (AB780945.1) 98% KM491545

Figure 3: Denaturing gradient gel electrophoresis (DGGE) fingerprints of bacterial 16S-rRNA gene fragments of cowmanure samples under
different oxytetracycline and copper treatments at day 1, day 10, and day 50.

Figure 4: Phylogenetic tree of the bacterial 16S-rRNA gene sequences compared with known sequences from Genbank.
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of municipal sewage sludge. Uncultured Bacteroidetes bacte-
rium (AB780945.1) could be found in a full-scale mesophilic
anaerobic completely stirred tank reactor during the anaero-
bic digestion of untreated corn straw [34].

In this experiment, it could be concluded that uncultured
Bacteroidetes bacterium (CU922272.1) and uncultured Bac-
teroidetes bacterium (AB780945.1) showed adaptability to the
different treatments of oxytetracycline and copper and were
the dominant bacterial communities during the anaerobic
digestion under the treatments of oxytetracycline and copper.

4. Conclusions

This study discussed the performance of anaerobic digesters
and the dynamics of bacterial communities under different
treatments of oxytetracycline and copper. Results indicated
that methane production and pH values were hardly affected
comparedwith the control.Thismight be due to the chelation
reaction between oxytetracycline and copper. The reaction
might reduce the toxicity of oxytetracycline. Meanwhile,
unculturedBacteroidetes bacterium (CU922272.1) and uncul-
tured Bacteroidetes bacterium (AB780945.1) were the dom-
inant bacterial communities during the anaerobic digestion
under the treatments of oxytetracycline and copper. This
research can help to optimize the performance of anaerobic
digestion and the structure of bacterial community for
increasing the biogas production and reducing the pollution
of residues.
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The migration and transformation behaviors of heavy metals (HMs), including Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb, during the
hydrothermal carbonization (HTC) of sewage sludge (SS) were investigated. The immobilization of HMs during the combustion
of solid residual (SR) produced from HTC of SS was also analyzed. With increasing HTC temperature and residence time, the
majority of HMs (except As) accumulated in the SR. The residual rate of As in the SR decreased from 73.95% to 56.74% when the
residence time was increased from 1h to 3h and reduced significantly from 73.95% to 37.48% when the temperature increased from
220∘C to 280∘C, implying that numerous arsenic compounds dissolved into liquid phase products. Although the HTC process has
a positive influence on the transformation of HMs from weakly bound fractions to the more stable fractions, the exchangeable and
reducible fractions of Mn, Zn, As, and Cd in the SR were still high. In addition, the leached amounts of Zn and As were high (14.61
and 6.16 mg/kg, respectively) and showed a high leaching risk to the environment. An increase in HTC temperature and residence
time led to an increase of the residual rate of HMs in the combustion residual of SR, implying that the HTC process promotes the
stabilization of HMs in the combustion process.

1. Introduction

Sewage sludge (SS) is a great potential energy resource and
has attracted wide attention as a subject of research. How-
ever, it contains high concentrations of pollutants, including
pathogenic bacteria, heavy metals (HMs), and toxic organic
compounds [1, 2]. Various sludge-to-energy technologies,
such as fertilization, anaerobic digestion, carbonization,
pyrolysis, gasification, and combustion, have been developed
for the recovery of useful energy from SS [3–6]. From
the energetic, economic, and environmental points of view,
combustion or co-combustion of SS with other solid waste
using present equipment is a viable technique of dealing with
the sludge instead of land-filling disposal [7]. However, the SS
must be dehydrated to improve the net energy input during
the combustion process. The dehydration process requires
substantial amounts of heat, thereby increasing the economic
burden. Hydrothermal carbonization (HTC) is a process

whereby sludge can be converted into high-density solid fuel
under mild temperatures and pressures [8–10]. In addition,
waste heat from the HTC process can be used to preheat the
raw materials and improve the recovery of energy [11, 12].
Zhao et al. [11] demonstrated that, under mild conditions
(200∘C, 30 min), energy recovery from sludge via the HTC
process is more than 50%, showing better performance than
themechanical dewatering technology. During theHTC pro-
cess, copious amounts of toxicity organics are decomposed
and the contents of S, N, and Cl are reduced. Moreover,
some HMs are stabilized in the solid residual (SR) [2, 13–18].
Therefore, HTC of SS for high-density and clean solid fuel
preparation is a promising technology.

Influences of the HTC reaction conditions, including
reaction time, temperature, and dewatering time, on the
physicochemical properties of solid, liquid, and gas phase
products have been widely investigated to explore the HTC
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Table 1: Physicochemical characteristic of SS before and after HTC.

Samples Ultimate analysis/wt.% Proximate analysis/wt.%
HHV2)

Moisture
content of SR3)

(wt.%)

pH
(WL)

NH4
+-N

(mg/L)
(WL)Cad Had Nad Sad Oad

1) Mad Vad FCad Aad (kJ/kg)
SS 20.13 4.61 4.68 1.73 12.41 9.54 39.66 3.90 46.90 10.11 - ND ND
SS-220-1h 23.87 3.45 3.49 1.12 7.71 1.95 32.74 6.90 58.41 10.31 64.90 8.70 1734
SS-220-2h 23.21 3.06 2.95 1.44 5.57 1.86 28.86 7.37 61.91 9.78 62.50 8.90 1773
SS-220-3h 23.65 3.14 2.82 1.82 5.28 1.59 29.37 7.34 61.70 10.06 59.35 9.00 1825
SS-250-1h 25.26 2.93 2.32 1.36 1.85 1.54 26.61 7.11 64.74 10.67 52.30 9.20 2005
SS-280-1h 26.69 2.64 2.16 0.87 0.28 1.34 25.07 7.47 66.02 11.28 48.50 9.50 2245
1)

O(%)=100%-(C%+N%+H%+S+%M%+A%); ad-air dry basis.
2)HHV, higher heating value. Calculated was according to Channiwala and Parikh [25].
3)Moisture content of SR after filtration and before drying.

mechanism of SS [7–15]. Furthermore, the optimized opera-
tion conditions were also obtained from previous studies. In
recent years, several researchers have studied the migration
and transformation behaviors of HMs during the HTC of
SS [2, 16–21]. They mainly focused on the three aspects of
the transformation of HMs. (1) The redistribution of HMs in
the solid and liquid phase products: after HTC process, most
HMs in the SS accumulate in the SR whilst minute amounts
of HMs are released into liquid phase products. Additionally,
as the temperature is increased, the quantity of HMs released
into liquid products increases due to the extraction and
decomposition effects of organics andminerals materials. Shi
et al. [17] demonstrated that the quantity of HMs released
into liquid was only 1.3%, with Cr, Ni, and Cu constituting the
largest portion of the released HMs at 200∘C. However,Wang
et al. [19] found that the quantity of HMs released into liquid
phase products was lower than 19%. (2) The chemical frac-
tions and speciation of HMs: although different HMs show
different transformation behaviors of chemical fractions, the
HTC process may have a positive effect on the migration
of HMs from bioavailable fractions into the more stable
fractions. Shi et al. [17] found that the concentrations of acid
soluble/exchangeable and reducible fractions of HMs (Zn,
Cd, Pb, Cr, Ni, andCu) in the SR decreasedwhilst the residual
fraction increased when theHTC temperature was increased.
This suggested that the weaker bound fraction of HMs was
transformed into the more stable bound fraction. However,
Wang et al. [19] found that the acid soluble/exchangeable
and reducible fractions of Zn, Ni, and Cd in the SR were
high, presenting potential risk to the environment. (3) The
changes in the leaching characteristics of HMs: after the HTC
process, the leachable amounts and leaching rate ofHMswere
reduced, indicating a reduction of the leaching toxicity of
HMs in the SR. However, the leaching percentages of Zn, Ni,
and Cd in the SR were still high and showed a considerable
risk to the environment [19]. From the aforementioned
works, the HTC process reduces the toxicity and improves
the stabilization of HMs in the SR, but the transformation
behaviors of HMs is significantly different, even some HMs
still pose a high risk to the environment after HTC process.
Considering the difference in the properties of SS and the
effect of operation conditions on the transformation of HMs,

the detailed mechanism of HTC influences the distribution
and chemical speciation transformation of HMs in the SS
requires further investigation.

Combustion of SR produced from the HTC of SS is
considered a promising approach to convert sludge to energy,
particularly the cocombustion with other solid fuels [22–24].
After the HTC process, SR showed a lower activation energy
and preexponential factor. More than 60% of nitrogen and
sulfur within SS can be removed, making it suitable for use in
the combustion equipment [14, 22]. The transformation and
immobilization behaviors of HMs during the combustion of
SR produced from HTC of SS are crucial for the reduction
of HMs emissions in the combustion process. However, no
related studies were reported. Researchers [19] have only
investigated the transformation behaviors of HMs in the
pyrolysis of SR produced from HTC of SS. They found that
the ecotoxicity of HMs in the pyrolysis residual reduced and
the HMs could bemigrated from bioavailable fractions to the
more stable fractions.

In this work, the HTC reaction temperatures and resi-
dence times are considered systematically to investigate the
distribution and chemical speciation transformation behav-
iors of HMs in the HTC of SS. Additionally, the immobi-
lization characteristics of HMs during the combustion of SR
produced from HTC of SS were analyzed.

2. Experimental

2.1. Materials. Dewatered municipal SS with the moisture
content of 84.5 wt.% was obtained from a wastewater treat-
ment plant in Nanjing, China. All the samples were sealed
in a glass beaker and kept in a refrigerator at 4∘C. The fuel
characteristics of air dry basis raw SS are shown in Table 1.
Raw SS has a high ash content (46.9 wt.%), low fixed carbon
content (3.9wt.%), and anHHV (10.11kJ/kg). Additionally, the
elemental contents of C, H, N, S, and O are 20.13, 4.16, 4.68,
1.73, and 12.41 wt.%, respectively.

2.2. Experiment Procedure of HTC. All HTC experiments
were carried out in a batch-type reactor with a volume of
1 L. The schematic of reactor is shown in Figure 1. The
reactor was heated by an electric furnace and the reaction
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Figure 1: Schematic figure of hydrothermal batch-type reactor.

temperature was controlled by a PID control unit. During
each experiment, 500 g of SS and 100 g of deionized water
were fed to the reactor, and the air in the reactor was
discharged using high-pressure pure nitrogen. The reaction
temperature (i.e., 220, 250, and 280∘C) was attained at a
heating rate of 5∘C/min and the residence times investigated
were 1, 2, and 3 h, respectively. The mixer was stirred at 700
rpm to maintain the homogeneity of the reaction. After the
reaction, the reactor was rapidly cooled to room temperature
using running water. The waste liquid (WL) and SR were
collected from the reactor and subsequently separated by
suction filtration. When the filtration step was complete,
the SR was dried at 105∘C for 2 h and ground into fine
particles (less than 200 𝜇m) for further analysis. TheWL was
then placed in a refrigerator at 4∘C. All HTC experiments
were carried out three times to ensure the accuracy of data.
Operating conditions were labeled using a format of “SS-xxx-
xx”, where “xxx” is the reaction temperature and “xx” is the
reaction time. For example, “SS-220-1h” represents the HTC
of SS at 220∘C for 1 h.

2.3. Fractionation Procedure of HMs. Speciation ofHMs in SS
and SR was investigated using the three-step BCR sequential
extraction procedure [26]. Four fractions of HMs were
extracted, including an acid soluble/exchangeable fraction
(F1), a reducible fraction (F2), an oxidizable fraction (F3),
and the residual fraction (F4). Detailed steps of the BCR
method are reported in the previous studies [26]. For F1∼
F3, the suspension was collected after the centrifugation step
at 10000 rpm for 20 min and diluted to a constant volume
with 2% HNO3. Fine particles were removed by filtration
and dissolved organics were degraded by digestion using
H2O2 and concentrated HNO3. The F4 fraction and the total
amounts of HMs in SS and SR were extracted by digestion

with aqua regia solution and subsequently heated on a hot
plate. All digestion solutions were filtered and stored in a
refrigerator at 4∘C prior to ICP-MS analysis.

2.4. Leaching Test. The toxicity characteristic leaching pro-
cedure (TCLP) has been widely used to evaluate the leach
ability of HMs in the SS and SR [27]. TCLP leachates of
SR were conditioned using the acetic acid solution (pH
2.88, liquid/solid ratio=20:1) and were subsequently shook
at 200 rpm for 18 h. After centrifugation and filtration, the
samples were digested withH2O2/HNO3 to remove dissolved
organics.

2.5. Analysis. The ultimate and proximate analysis of the SS
and SR were determined using Elemental Analyzer (LECO-
CHNS 932, USA) and an Infrared Rapid Analyzer (5E-
MACIII, China), respectively. The samples’ calorific value
was determined using the adiabatic bomb calorimetric
method. The HMs content was measured using an ICP-MS
(PerkinElmer Elan 9000, LabX, Canada).The composition of
elements and minerals in the SS and SR was analyzed by XRF
(ARL QUANTX, Thermo Fisher, USA) and XRD (Smartlab
3, Japan), respectively. The ammonia nitrogen in the WL was
analyzed with a continuous flow analyzer (AutoAnalyzer3,
SEAL).

2.6. Combustion Condition. The combustion process of SS
and SR was conducted in a Thermo Gravimetric Analyzer
(SETSYS-1750CSEvol, France).The reaction temperature and
heating rate were set at 900∘C and 20∘C/min, respectively.
O2/N2 (volume 1:4) was used to simulate air atmosphere,
and the total flow rate was 50 ml/min. The mass of solid
samples was accurately kept at 10 mg for each experiment.
The combustion residual was collected for digestion using
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HCl,HNO3, HF, andHClO4, successively. After digestion, the
liquid sampleswere sent to an ICP-MS tomeasure the content
of HMs. Each combustion experiment was carried out three
times to obtain accuracy data.

3. Results and Discussion

3.1. Physicochemical Properties of SR afterHTC. Table 1 shows
the physicochemical properties of SS before and after HTC.
After the HTC process, the moisture content and volatile
matter reduced significantly whilst the fixed carbon and ash
content increased, implying that the HTC process has a
positive effect on the fuel characteristics of SS. In addition,
the moisture and oxygen content of SR reduced from 1.95
wt.% and 8.83 wt.% to 1.34 wt.% and 0.35 wt.%, respectively,
when the temperature was increased from 220 to 280∘C.
This suggests that the dehydration of sludge significantly
occurs during theHTCprocess.The characteristics presented
above led to a slight increase of the HHV of SR. After
filtration and before drying, the moisture of SR reduced
from 64.9 wt% to 48.5% when the reaction temperature was
increased from 220 to 280∘C. This observation is associated
with the decomposition of protein, polysaccharide, and other
macromolecule organic compounds [25, 28]. Moreover, an
increase in the reaction temperature from 220 to 280∘C led
to an increase of the WL pH value from 8.7 to 9.5. During
the HTC of SS, the concentration of ammonium nitrogen
organics in the WL increased significantly when the reaction
temperature increased.This was attributed to the breakage of
N-containing functional groups [29]. This is consistent with
the concentration of NH4

+-N in the WL shown in Table 1.
It can be observed that the concentration of NH4

+-N in the
WL increased significantly from 1734 to 2245 mg/L when the
temperature was increased from 220 to 280∘C. Based on the
results of Table 1, the influence of reaction temperature on the
fuel quality improvement of HTC of SS is greater than that of
the reaction residence time.

3.2. HMs Concentrations and Redistribution in the SR and
WL. It is well known that hydrothermal treatment, including
hydrothermal carbonization [17–19], hydrothermal liquefac-
tion [30–32], and hydrothermal gasification [33], has a signif-
icant effect on the transformation of HMs in the SS.The total
concentrations of Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb in the
SS and SR are shown in Figure 2. As seen from Figure 2, the
considerable amounts of Mn and Zn were present; however,
relatively low concentrations of Cr, Cu, As, and Pb were
observed in the SS. After the HTC process, nearly all the
HMs concentrations increased with an increase in reaction
temperature and residence time, particularly for Mn and Zn.
In addition, there was a significant increase for Cu at 280∘C.
However, the concentration of As decreased slightly with an
increase in temperature and residence time, suggesting that
some of the arsenic compounds were dissolved into liquid
phase products after the HTC process. From Figure 2, HMs
seems to be effectively accumulated in the SR after the HTC
process, which is closely related to the physical structures of
heavy metal crystal and the condition of HMs under certain
temperatures and pressures.
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Figure 2: Concentrations of HMs in SS and SR.

Since the HTC of sludge is always conducted at low
temperature (less than 350∘C), the concentration of HMs
in the gas phase products is extremely low and is usually
not analyzed. The transformation and stabilization effects of
HMs exist simultaneously during the HTC process, resulting
in the redistribution of HMs in the solid and liquid phase
products. The residual rate of HMs is a parameter that
determines the distribution behaviors of HMs during the
HTC or combustion process. It can be calculated using the
flowing equation:

𝑅c =
𝐶2x × 𝑚2
𝐶1x × 𝑚1

× 100% (1)

where Rc is the residual rate of HMs in the HTC/combustion
SR; x is the type of heavymetal;𝐶2x is the total concentration
of x in the SR;𝑚2 is the mass of solid residual (kg); 𝐶1x is the
total concentration of x in the raw samples (mg/kg);𝑚1 is the
mass of raw samples (kg).

The residual rate of HMs in the SR and WL is presented
in Table 2. The results indicate that HTC process seems to
have some positive effect on the release of HMs from the
solid into liquid phase products. This might be due to the
decomposition of extracellular polymeric substances, result-
ing in breakage of weaker bonded of HMs [17, 19, 21]. As seen
fromTable 2, differentHMs showdifferent released behaviors
based on the reaction temperature and residence time. The
residual rates of HMs in the SR products, Mn, Ni, Zn, and
As, reduced with an increase in the reaction temperature and
residence time. The residual rate of As in the SR decreased
significantly from 73.95% to 37.48% when the temperature
was increased from 220 to 280∘C and reduced from 73.95% to
56.74% when the residence time was increased from 1h to 3h.
This indicated that many arsenic compounds were released
into the liquid phase products and posed a substantial risk
to the environment. The effect of reaction temperature on
the dissolution of HMs into liquid phase products is greater
than that of residence time. In general, elevated temperature
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Table 2: Residual rates of HMs in the SR and WL after HTC process.

Samples
Percentage (%)

Cr Mn Ni Cu Zn As Cd Pb
SR WL SR WL SR WL SR WL SR WL SR WL SR WL SR WL

SR-220-1h 87.12 12.88 86.10 13.90 99.70 0.30 90.10 9.90 95.53 4.47 73.95 26.05 80.88 19.12 97.46 2.54
SR-220-2h 81.71 18.29 80.08 19.92 91.48 8.52 94.16 5.84 90.27 9.73 63.78 36.22 86.68 13.32 97.62 2.38
SR-220-3h 83.42 16.58 81.83 18.17 93.79 6.21 94.89 5.11 90.30 9.70 56.74 43.26 84.51 15.49 97.94 2.06
SR-250-1h 91.29 8.71 79.26 20.74 95.19 4.81 92.00 8.00 80.17 19.83 46.83 53.17 77.79 22.21 99.06 0.94
SR-280-1h 94.51 5.49 71.93 28.07 93.44 6.56 99.62 0.38 85.29 14.71 37.48 62.52 66.40 33.60 99.19 0.81

can enhance the extraction effects of HMs and improve the
degradation and transformation of organic compounds and
minerals, resulting in an increase in the release rate of HMs
from solid into liquid phase products [21, 34]. However, the
residual rate of Cu and Pb in the SR increased from 90.10%
and 97.46% to 99.62% and 99.19% when the temperature was
increased from 220∘C to 280∘C. During the HTC process,
Cu prefers to be bound to organic matter and form the Cu-
sulfide substance with high stability [17, 19, 20, 35–37]. In
addition, Pb is easily combined with the primary minerals,
such as Ca, Mg, and Fe, through the ion exchange [38, 39].
In the case of Cr and Cd, the temperature and residence time
have a different effect on the residual rate in the SR.When the
temperature was increased from 220∘C to 280∘C, the residual
rate of Cr was enhanced from 87.12% to 94.51% whilst that
of Cd reduced from 80.88% to 66.40%. In addition, as the
residence time increased from 1h to 3h, the residual rate of
Cr reduced from 87.12% to 83.42%, but that of Cd increased
from 80.88% to 84.51%.

As described above, the minerals in the SS have a great
influence on the absorption, precipitation, and complexation
of HMs. Therefore, the minerals compositions of SS before
and after the HTC process need to be investigated. The
experimental results are shown in Figure 3. It can be deducted
that the SS and SR were mainly composed of crystalline
compounds, particularly Si, Cu, and Al compounds. After
the HTC process, the intensity at 20∘ to 35∘ increased
significantly, indicating that the crystalline phenomenon of
the HMs increased. In addition, the HMs in the SR after the
HTC of SS is mainly in the form of complex compounds,
and parts of their crystal structures have a resemblance [40].
According to the literature [21, 41, 42], Fe/Al oxide and some
inorganic minerals (clay, carbonate and phosphate, et al.)
can combine and absorb the HMs through ion exchange
and the surface complexation. Additionally, some organic
functional groups (carboxyl and phenolic groups) and S,
N-containing groups can reduce the migration of HMs
in the SR via the complexation and adsorption [43]. The
transformation and immobilization behaviors of HMs during
the HTC process can be associated with some complicated
physical-chemical processes, such as adsorption, precipita-
tion complexation, and recombination, occurring between
the HMs and the crystal lattices of SR [21, 36, 37, 44, 45].
However, detailed mechanisms of how the hydrothermal
treatment affects themigration and transformation ofHMs in
sludge is extremely complex and still needs further investiga-
tion.

3.3. Fractions of HMs and Environment Risk Analysis of SR

3.3.1. Fractions and Migration Behavior of HMs during the
HTC Process. Evaluation of environmental ecotoxicity of
HMs predominantly depends on the chemical speciation of
HMs. With reference to the bioavailability and ecotoxicity
of HMs, F1 and F2 are identified as directly toxic fraction;
F3 and F4 are considered as potentially toxic and nontoxic
fractions, respectively. The transformation behaviors of the
chemical speciation of HMs in the SS and SR after the HTC
process are shown in Figure 4. The main fractions of HMs in
the SS were found to be very different. Cr and Pb weremainly
present in the F4 fraction (80.7% and 95.45%). More than
60% Ni and Cu were in the F3 and F4 fractions, respectively.
The F1 fraction ofNi, Zn, andCdwas 17.7%, 16.2%, and 9.43%,
respectively, whilst they almost have no F2 fraction. Mn and
As had the high concentrations in the F1 fraction, with As
having more than 50% of the total, implying that there exists
high potential bioavailability and ecotoxicity. From Figure 4,
Cr, Cu, and Pb are exceptionally low at the exchangeable (F1
<5%) fraction.Ni, Zn, andCd are also low at the exchangeable
(F1 <20%) fraction. However, Mn and As are high at the
exchangeable (F1>40%) fraction.

At longer HTC residence times and higher temperatures,
Cr and Pb showed no obvious changes in the F1 and F2
fraction but had a minute increase in the F3 fraction and
slight decrease in the F4 fraction. Although Cu has a similar
trend to Cr and Pb with regard to the change of F1 and
F2 fractions, the F3 fraction of Cu sharply increased with
residence time. There was also an observed initial increase
followed a decreasewhen the temperaturewas increased from
220 to 280∘C. An opposite trend was observed in the F4
fraction of Cu, indicating that the increase of the F3 fraction
of Cu was mainly a result of migration from the F4 fraction.
The Fe oxides composition favors the oxidation of copper
and the combination of organic matters, resulting in the
formation of Cu-oxide complexes during the HTC process
[17, 19, 20, 35–37]. In the case ofMn, theHTCprocess showed
a positive effect on the reduction of the F1 fraction when
reaction temperature and residence time were increased,
resulting in an increase in the F2 fraction. This suggests
that the F1 fraction was converted into the F2 fraction.
However, the directly toxic fractions (F1+F2) reduced with
an increase in the reaction temperature and residence time.
The percentage of Mn increased in the F3 fraction with
increasing temperature and residence time. Contrastingly, it
reduced in the F4 fraction with increasing residence time,
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Figure 3: Minerals compositions of SS and SR. 1: K2Cu3+2O(SO4)3; 2: SiO2; 3: KAl2Si3AlO10(OH)2; 4: AlSO4(OH)⋅5H2O.

indicating that some of the F4 fraction of Mn was converted
into the F3 fraction and increased the potential bioavailability
and ecotoxicity. Similar transformation behaviors of F1∼F4
fraction were observed for Ni.

As for Zn and Cd, their F1 fractions reduced significantly
whilst their F2 and F1+F2 fractions considerably decreased.
The HMs F1+F2 fractions increased with the reaction resi-
dence time. When the temperature was increased from 220
to 280∘C, there was an observed initial increase superseded
by a reduction. The Zn and Cd F3 fractions increased whilst

their F4 fraction reduced with an increase in the reaction
residence time and temperature, indicating that most of the
F4 fraction was converted to the F3 fraction. In addition,
the F3+F4 fractions reduced significantly with an increase of
the residence time. However, no pronounced changes with
temperature were observed. From the results of Zn and Cd,
the bioavailability and ecotoxicity increased after the HTC
process, and the effect of residence time is greater than that
of the reaction temperature. For As, the highest F1 fraction
(64.6%) in the SRwas obtained during theHTCof SS at 220∘C
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Figure 4: Speciation transformation behaviors of HMs in the SS before and after HTC.
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Table 3: Concentrations of leachable HMs in the TCLP tests (mg/kg).

HMs Raw SS SS-220-1h SS-220-2h SS-220-3h SS-250-1h SS-280-1h Permissible limitsa

Cr 0.11±0.00 0.61±0.01 0.44±0.01 0.39±0.01 0.09±0.00 0.09±0.00 5.0
Mn 231.06±10.67 289.22±10.56 293.71±12.45 446.73±16.56 536.53±16.78 449.39±14.34 —b

Ni 5.41±0.23 6.73±0.25 1.53±0.07 1.10±0.05 0.68±0.01 0.72±0.01 5.0
Cu 1.42±0.06 0.41±0.01 0.18±0.01 0.09±0.00 0.12±0.01 0.04±0.00 —b

Zn 30.32±1.67 38.62±2.12 32.18±1.68 30.97±1.56 13.77±0.53 14.62±0.68 5.0
As 25.57±0.48 20.42±0.59 12.01±0.43 7.97±0.25 10.34±0.38 6.16±0.21 5.0
Cd 0.05±0.00 0.03±0.00 0.04±0.00 0.03±0.00 0.03±0.00 0.01±0.00 1.0
Pb 0.03±0.00 0.02±0.00 0.03±0.00 0.02±0.00 0.08±0.00 0.01±0.00 5.0
(1) a: USEPA, test methods for evaluating solid waste: physical/chemical methods (SW-846).
(2) b: Not titled.

for a residence time of 1h. Its F1 fraction reduced whilst its
F2 fraction increased with an increase in the residence time
and temperature. The F1+F2 fraction of As reduced with an
increase in the residence time. With respect to increases in
temperature, there was an observed increase in the F1+F2
fraction followed by a reduction.TheAs F3 fraction increased
with residence time and temperature. These results indicate
that there was practically no positive effect on the speciation
transformation of As during the HTC process.

Basing on the preceding results, the weakly bound
exchangeable fraction (F1) for HMs can be converted into
F2 fraction as a result of the HTC process. However, HMs
(Cr, Mn, Ni, Zn, Cd, and Pb) underwent a transformation
from F4 fractions into F3 fractions. The F1+F2 fractions for
Mn, Ni and Cu significantly reduced whilst those for Cr, Zn,
As, and Cd increased. The F1 and F2 fractions of Mn, Zn,
As, and Cd in the SR were high, suggesting a high potential
bioavailability and ecotoxicity to the environment. As such,
these results indicate that the HTC process has a positive
effect on the chemical speciation transformation of HMs
from weakly bound fractions to the more stable fractions.

3.3.2. Leaching Characterization of SR. The leaching charac-
teristics of HMs in the SS and SR were determined using
the TLCP method [27]. The results are shown in Table 3 and
Figure 5.The leached amounts of HMs from SS were 0.11, 231,
5.41, 1.42, 30.32, 25.57, 0.05 and 0.03mg/kg for Cr,Mn, Ni, Cu,
Zn, As, Cd and Pb, respectively. The leached amounts of Ni,
Zn and As were higher than the permissible limits (USEPA,
SW-846) and therefore exhibited potential toxicity.When the
reaction temperature and residence time were increased, the
leached amounts of Ni, Cu, Zn and As reduced significantly.
However, the amount of Mn highly increased and no obvious
changes were observed for Cr, Cd and Pb. In addition, the
concentrations of leachable HMs in SS-220-3h were higher
than those in SS-280-1h, indicating that the influence of
reaction temperature on the reduction of leachable HMs
was greater than that of residence time. Higher reaction
temperatures contribute to the combination of HMs with
crystal lattices of SR and enhance the immobilization of
HMs [21, 40, 44, 45]. Briefly, the HTC process exhibited a
significant reduction of the leaching risk of HMs. In contrast,
the leached amounts of Zn and As were still high (14.61mg/kg
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Figure 5: Leaching rates of HMs in the TCLP tests.

and 6.16 mg/kg, respectively) and therefore showed a high
leaching risk to the environment.

The leaching rate of HMs from SS and SR are shown
in Figure 5. The leaching rate is defined as the ratio of the
amount of a heavy metal in the leachate to the total amount
of this heavy metal [17, 19, 46].

With an increase in the reaction temperature and res-
idence time, the leaching rate of all HMs (except Mn and
As) in the SR decreased significantly and almost exhibited
no leaching rate. The leaching rate of As reduced when
residence time was increased. However, the leaching rate of
As first reduced and then increased when the temperature
was increased from 220 to 280∘C. The As leaching rate
was close 50% at a reaction temperature of 280∘C for a
residence time of 1h. This exhibits a high leaching risk to the
environment. As shown in Table 3 and Figure 5, the leachable
fractions of HMs in the SR endured a significant reduction as
a result of the HTC process. This observation however does
not include As and Mn which had high leaching rates.

3.4. Immobilization Behaviors of HMs in the Combustion
Residual. The immobilization behaviors of HMs during the
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Table 4: Concentrations of HMs in the combustion residual (mg/kg).

Samples Cr Mn Ni Cu Zn As Cd Pb
SS 156.50±5.56 1160.75±65.87 88.61±4.89 382.20±15.67 1448.33±70.45 62.36±2.56 3.35±0.08 111.87±3.32
SS-220-1h 200.90±6.78 1338.55±77.34 126.63±7.45 580.82±18.56 2026.21±68.62 62.58±2.03 4.62±0.10 168.50±5.25
SS-220-2h 182.66±6.68 1345.87±72.56 118.05±6.45 505.83±12.05 1950.73±55.24 44.65±1.89 4.66±0.11 147.99±3.98
SS-220-3h 187.80±8.56 1425.18±65.45 125.41±5.23 531.88±10.78 2010.28±69.46 41.61±1.01 4.63±0.09 152.88±4.23
SS-250-1h 184.07±10.56 1350.55±75.78 118.88±6.54 531.64±11.34 1964.51±51.67 41.36±1.56 4.55±0.13 152.55±4.01
SS-280-1h 219.89±11.45 1356.32±68.67 124.50±5.45 580.29±15.67 1972.96±75.34 38.39±1.12 4.69±0.08 153.34±4.23

Table 5: Residual rates of HMs in the combustion residual (%).

Samples Cr Mn Ni Cu Zn As Cd Pb
Raw SS 87.36 74.97 90.69 72.16 88.47 85.09 91.72 75.31
SS-220-1h 90.15 84.84 91.70 79.13 86.65 87.57 91.87 79.59
SS-220-2h 91.12 92.29 92.39 80.07 88.60 85.02 92.23 80.96
SS-220-3h 90.09 92.78 92.95 79.26 90.12 88.22 91.13 81.13
SS-250-1h 92.53 84.80 95.95 75.14 90.31 91.50 92.08 76.81
SS-280-1h 93.88 88.46 93.28 78.51 92.03 92.86 92.61 72.23

combustion of SR produced from the HTC of SS were
analyzed. The concentrations of HMs in the combustion
residual are shown in Table 4. Compared to the combus-
tion of SS, the respective amounts of HMs (except As) in
the combustion residual of SR increased. In addition, the
amounts of HMs in the combustion residual are higher than
that in the SS and SR (Figure 2). This indicates that most of
HMs accumulated in the combustion residual. However, as
for As, the concentration changed considerably from 62.58
mg/kg to 38.39 mg/kg when the HTC SR changed from “SS-
220-1h” to “SS-280-1h”. Arsenic has a low boiling point and
therefore exhibits volatile and gasification properties [47].
Consequently, it can easily be gasified during the combustion
process. In addition, some inorganic compounds (Ca, Al, and
Fe compounds) can provide chemical reactive sites of arsenic
and enhance the complexation and absorption of arsenic by
forming various arsenates in the fly ash and solid residual
[48–51]. From Table 4, the concentrations of HMs in the
combustion residual haveminimal pronounced changes even
when the HTC reaction temperature and residence time were
varied. Although theHTCprocess was carried out at different
reaction conditions, the chemical compositions of SR tend to
be stable and the crystal lattices of HMs are similar [40]. The
residual rates of HMs after the combustion of SR produced
from the HTC of SS are presented in Table 5. As seen from
Table 5, the residual rates of all HMs were more than 70%,
particularly for Cr, Ni, Zn, and Cd which had more than 90%
residual rates. With increasing HTC reaction temperature
and residence time, the residual rates of HMs (except Pb)
in the combustion residual of SR increased, indicating that
the HTC process promotes the immobilization of HMs in the
combustion solid residual.

4. Conclusions

The transformation behaviors of Cr, Mn, Ni, Cu, Zn, As, Cd,
and Pb in the SS during the HTC process combined with

combustion were investigated.Most of the HMs accumulated
in the SR during HTC and combustion process, respectively.
However, the concentration and residual rate of As in the SR
reduced with an increase in the HTC reaction temperature
and residence time, implying that many arsenic compounds
are released into the liquid phase products. After the HTC
process, the weakly bonded fractions of HMs migrated to
the more stable fraction. However, the exchangeable and
reducible fractions of Mn, Zn, As, and Cd in SR were
remarkably high and presented an elevated risk to the
environment. The leaching characteristics of HMs in the SR
showed a significant improvement. Contrastingly, the leached
amounts of Zn and As were still high and exceeded the
permissible limits. The contents of HMs in the combustion
residual were higher than those in the SS and SR.The residual
rates of almost all the HMs in the combustion residual of
SR produced from the HTC of SS increased with increasing
HTC temperature and residence time, indicating that the
HTC process promotes the immobilization of HMs in the
combustion process.
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[16] L. Appels, J. Degrève, B. Van der Bruggen, J. Van Impe, and
R. Dewil, “Influence of low temperature thermal pre-treatment
on sludge solubilisation, heavy metal release and anaerobic
digestion,” Bioresource Technology, vol. 101, no. 15, pp. 5743–
5748, 2010.

[17] W. Shi, C. Liu, D. Ding et al., “Immobilization of heavy metals
in sewage sludge by using subcritical water technology,” Biore-
source Technology, vol. 137, pp. 18–24, 2013.

[18] W. Shi, C. Liu, Y. Shu, C. Feng, Z. Lei, and Z. Zhang, “Synergistic
effect of rice husk addition on hydrothermal treatment of
sewage sludge: Fate and environmental risk of heavy metals,”
Bioresource Technology, vol. 149, pp. 496–502, 2013.

[19] X.Wang, C. Li, B. Zhang, J. Lin,Q.Chi, andY.Wang, “Migration
and risk assessment of heavy metals in sewage sludge during
hydrothermal treatment combined with pyrolysis,” Bioresource
Technology, vol. 221, pp. 560–567, 2016.

[20] X. Xu and E. Jiang, “Treatment of urban sludge by hydrothermal
carbonization,” Bioresource Technology, vol. 238, pp. 182–187,
2017.

[21] H.-J. Huang and X.-Z. Yuan, “The migration and transfor-
mation behaviors of heavy metals during the hydrothermal
treatment of sewage sludge,” Bioresource Technology, vol. 200,
pp. 991–998, 2016.

[22] C.He, A.Giannis, and J.-Y.Wang, “Conversion of sewage sludge
to clean solid fuel using hydrothermal carbonization:
Hydrochar fuel characteristics and combustion behavior,”
Applied Energy, vol. 111, pp. 257–266, 2013.

[23] G. K. Parshetti, Z. Liu, A. Jain, M. P. Srinivasan, and R. Balasub-
ramanian, “Hydrothermal carbonization of sewage sludge for
energy production with coal,” Fuel, vol. 111, pp. 201–210, 2013.

[24] C. Areeprasert, P. Chanyavanich, D. Ma, Y. Shen, and K.
Yoshikawa, “Effect of hydrothermal treatment on co-combus-
tion of paper sludge with coal: thermal behavior, NO emissions,
and slagging/fouling tendency,” Biofuels, vol. 8, no. 2, pp. 187–
196, 2017.

[25] J. Yu, M. Guo, X. Xu, and B. Guan, “The role of temperature
and CaCl2 in activated sludge dewatering under hydrothermal
treatment.,”Water Research, vol. 50, pp. 10–17, 2014.
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Ample quantities of solar and local biomass energy are available in the rural regions of northwest China to satisfy the energy
needs of farmers. In this work, low-temperature solar thermal collectors, photovoltaic solar power generators, and solar-powered
thermostatic biogas digesters were combined to create a heat, electricity, and biogas cogeneration system and were experimentally
studied through two buildings in a farming village in northwestern China. The results indicated that the floor heater had the
best heating effect. And the fraction of the energy produced by the solar elements of the system was 60.3%. The photovoltaic
power-generation system achieved photovoltaic (PV) conversion efficiencies of 8.3% and 8.1% during the first and second season,
respectively. The intrinsic power consumption of the system was 143.4 kW⋅h, and 115.7 kW⋅h of electrical power was generated
by the system in each season. The average volume of biogas produced daily was approximately 1.0m3. Even though the ambient
temperature reached −25∘C, the temperature of the biogas digester was maintained at 27∘C ± 2 for thermostatic fermentation. After
optimization, the energy-saving rate improved from 66.2% to 85.5%. The installation reduced CO

2
emissions by approximately

27.03 t, and the static payback period was 3.1 yr. Therefore, the system is highly economical, energy efficient, and beneficial for the
environment.

1. Introduction

Nonrenewable energy production and utilization prevail in
rural regions of northwest China due to restrictions imposed
by geographical location, costs associated with clean energy
implementation, and insufficient knowledge of deployment
and operation of clean energy systems. The majority of these
rural communities still rely on coal energy, and households
have been found to be significant energy consumers [1]. In
fact, CO

2
emissions in rural residential areas have grown

at higher per-capita rates than those of urban areas [2].
Notwithstanding these challenges, agricultural communities
in northwest China are rich in renewable resources, especially

solar energy and organic biomass, and sustainable generation
of clean energy for rural communities has been found to be
feasible [3]. In fact, harnessing these sources has been deemed
necessary to achieve China’s goals of carbon emission reduc-
tion and transition to clean energy, aswell as eliminating rural
energy poverty [4].

Several studies have investigated the performance of
solar and biomass systems for energy production [4–11].
Bhattarai et al. [5] found that tank capacity has a significant
effect on thermal efficiency and economic performance of
photovoltaic and thermal solar (PV/T) collectors. Esen and
Yuksel [6] used solar, geothermal energy, and biogas to
heat a model greenhouse (6m × 4m × 2.10m) in Turkey,
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successfully attaining a plant-friendly temperature of 23∘C.
Jenssen et al. [7] analyzed a model municipality in Germany
that uses biomass energy to understand the balance between
the reduction in CO

2
emissions and the increase in land-

use competition and energy supply costs. The findings of
Jenssen et al. indicate that heat and power demand can be
easily met with biomass, but transport fuel necessitates a
different source. Aguilar et al. [12] assessed and implemented
a pilot-scale, closed-loop system that combined a solar
thermal collector, an anaerobic digester, and a constructed
wetland treatment system that used organic wastes for energy
production, in which the wastes were subsequently treated
prior to their release into the environment.The implemented
system showed that organic wastes can be efficiently used
to produce energy, while protecting the environment. O.
Ozgener and L. Ozgener [9] utilized a driveway as a solar
thermal panel to enhance the efficiency of a solar-assisted
geothermal heat pump system. The results are reported as
a 68% energy replacement for the product/fuel of the entire
system and for the driveway that is used as the solar collector.
Chen et al. [10] performed experiments and numerical
simulations to study a combined solar system consisting
of a solar collector and a CO

2
heat pump. The simulated

results indicated that the optimized system could reduce
electricity expenditure by 14.2% and improve solar energy
production by 8%.The solar portion of the optimized system
was 71.1%.Wu et al. [11] proposed an optimal energymanage-
ment system for a grid-connected PV-battery hybrid system
for optimal harnessing of solar energy to meet consumer
demand.

The scale of energy supply systems based on renewable
energy at home and abroad and that can meet the needs
of multiple levels of energy use is often too large to be
suitable for the highly dispersed characteristics of residential
properties still existing in rural China. Photovoltaic power
generation, low-temperature heat collection, and biomass
anaerobic fermentation and production of biogas, as three
mature technologies for renewable energy use, can meet the
energy needs of rural households in northwest China, such
as household electricity, thermal energy, and domestic gas.
However, the single-technology renewable energy utilization
devices have great limitations in terms of energy supply
stability and meet the needs of multiple levels of energy
use and are severely constrained by environmental factors;
therefore, they can be integrated with current solar photo-
voltaic power-generation technologies and solar energy cryo-
genic sets. Thermal technology and solar-powered constant-
temperature biogas digester technology are used to construct
a household heat and electricity cogeneration system that
uses solar energy and biomass energy as input and can
meet the needs of farmers in multiple levels in northwest
cold regions. The literature shows that the potential for a
100%-renewable energy supply using solar energy, biomass
energy, or a combination thereof has been either predicted
or observed in different settings. However, verification by
complete deployment of said technologies in real scenarios
and analyses of measurements of relevant energy parameters
to assess efficiency and cost remain scarce. Here, we report
findings from an experimental study that was conducted

under actual operating conditions over two winter seasons.
We studied a heating-electricity-gas cogeneration system for
use in two inhabited buildings located in Zhangma village
(Gansu Province, Minqin County, China), each covering
an area of 117m2. Radiator heaters were used during the
first season and low-temperature floor heaters during the
second season. Comparative analysis was performed of the
power-generation performance of this system using different
heating terminals. In addition, a comprehensive evaluation
of the resulting energy savings and emission reductions
was performed, together with an assessment of economic
viability.

2. Materials and Methods

2.1. Experimental Energy-Generation System. The exper-
imental heating-electricity-gas cogeneration system was
installed in a single-block building in Zhangma village.
The system comprised three subsystems: a combined heat-
ing subsystem using both solar energy and a coal-fired
boiler, a PV solar-power-generation subsystem, and a solar-
heated thermostatic biogas digester. The heating system
comprised a coal-fired boiler, heat-dissipating terminals,
a water-circulating pump, valves, pipes, and six sets of
evacuated-tube solar collectors. The heat-dissipating termi-
nals consisted of radiator heaters that were subsequently
replaced by low-temperature floor heaters. Each set of solar
collectors comprised 40 evacuated tubes of length 1.8m
and diameter 0.058 and a collector with a surface area of
3.85m2. The solar collectors were connected in series. The
power-generation subsystem consisted of an array of solar
cells, a controlled inverter, and battery cells. The PV array
consisted of 10 single-crystal silicon PV cells divided into
five parallel sets (each set having two solar cells connected
in parallel).

The system included four batteries divided into two
parallel sets, each set having two batteries connected in series.
The total output power of this systemwas 1000 kW.The solar-
heated thermostatic biogas digester subsystemwas composed
of a single set of evacuated-tube solar collectors, a biogas
digester, heating coil, water-circulating pump, valves, and a
redmud soft-matter biogas bag. Some of the power generated
by the PV array was used to power the circulation pumps that
drive hot water from the water tank into the building and
into the biogas digester to provide heat.The remaining power
supplied electricity for household usage. A photograph and
schematic of the heat-electricity-gas cogeneration system are
shown in Figures 1 and 2, respectively.

2.2. Experimental Parameters and Measuring Instruments.
The two experimental periods were from December 1, 2014,
to March 31, 2015, and from December 1, 2015, to March
31, 2016. The measurements and measuring instruments
are shown in Table 1. All the parameters were automati-
cally acquired and recorded using an Agilent 34970A data-
acquisition device at a scanning interval of 10 s. An extraction
pump was used at a fixed time each day to transfer the
biogas produced within the fermentation bag into the gas
storage bag. Daily gas production was measured by a G16
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Table 1: Types and technical parameters of the measuring instruments.

Measured parameters Measuring instruments Technical parameters

Solar radiation on the collector face of solar water
heater and PV array

TBQ-2 Pyranometer (Jinzhou Sunshine
Technology, Jinzhou, Liaoning)

Range: 0–2,000Wm−2
Sensitivity: 8.963 𝜇V =Wm−2
Precision: 2%

Output voltage of PV array DC voltmeter (Chujing Electric, Wenzhou,
Zhejiang)

Range: 0–50V
Precision: 0.5%

Output current of PV array DC ammeter (Chujing Electric, Wenzhou,
Zhejiang)

Range: 0–50A
Precision: 0.5%

Inlet water temperature for space heating
Outlet water temperature for space heating
Inlet water temperature for digester heating
Outlet water temperature for digester heating
Ambient temperature

pt100 temperature sensor (Beijing Sailing
Technology, Beijing)

Range: −50∘C to 100∘C
Precision: -0.10∘C

Flow rate for space heating LWGY-20 turbine flowmeter (Shanghai Huaman
Industrial, Shanghai)

Range: 0.7–7.0m3 = h
Precision: -0.45%

Flow rate for digester heating LWGY-15 turbine flowmeter (Shanghai Huaman
Industrial, Shanghai)

Range: 0.4–4.0m3 = h
Precision: -0.45%

Quantity of daily consumed coal Platform balance (Shanghai Shuoheng Electronic
Technology, Shanghai) Minimum scale: 0.2 kg

Daily biogas production G16 gas meter (Zhejiang Xinlong Instrument,
Yongkang, Zhijiang) Precision: -1.5%

Biogas contents Gas600 portable biogas analysis (Geotech
Instruments, Leamington, UK) Precision: -2%

Electricity consumed by pumps Electric energy meter (Wenzhou Libajia
Technology, Wenzhou, Zhejiang) Minimum scale: 0.1 kW⋅h

Solar water hear for digester

Solar water heaters for heating

Biogas digester

Figure 1: Photograph of the heat-electricity-biogas cogeneration
system.

gas meter, and its composition was analyzed using a Gas
600 portable biogas analyzer. A DDS1531 single-phase elec-
tronic electricity meter was used to measure daily electricity
consumption, which was then scaled to obtain daily coal
consumption.

3. Methods

(1) Power generated by the PV array is expressed as

𝐸 = ∑𝑈𝐼𝑡. (1)

This equation represents the power generated by the PV array,
𝐸 (expressed in J). 𝑈 is the PV array’s output voltage (V), 𝐼 is
the array’s output current (A), and 𝑡 is the time (s).

(2) The quantity of heat provided to the building by the
solar collectors is expressed as

𝑄 = ∑𝑐𝑚 (𝑡in − 𝑡out) 𝑡. (2)

In (2), 𝑄 is the heat provided to the building by the solar
collectors (J), 𝑐 is the heat capacity of water (4200 J/kg⋅∘C),
𝑚 is the flow of the circulated water (kg/s), 𝑡in is the supply
water temperature (∘C), 𝑡out is the return water temperature
(∘C), and 𝑡 is the time (s).

(3) The energy-saving rate (𝜂) due to the energy-
conserving measures taken by a user [13] is expressed as

𝜂 = 𝑊1 −𝑊2
𝑊
1

× 100%, (3)

where𝑊
1
and𝑊

2
represent energy consumption before and

after adopting energy-saving measures, respectively. For this
system, the energy-saving rate occurs by reducing consump-
tion of standard coal.

4. Results and Discussion

4.1. Performance Analysis: Heating Stability of Solar-Powered
Heating Subsystem. Winters in the northwestern regions of
China are cold and dry, with significant diurnal temperature
differences. Periods of extreme rain/snow are common.
Therefore, auxiliary coal-fired boilers are required as a
heating source in addition to a solar heater, to ensure the
continuity and stability of the power-generation system. The
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Table 2: Number of heating days for each mode of heating.

Period Solar heating (d) Boiler heating (d) Solar and boiler heating (d)
2014-2015 55 13 53
2015-2016 90 18 14

Solar
energy

Coal

Biomass
energy

Hybrid system

PV panel Controller/inverter

Batteries

Solar water heaters

Coal stove

pump

pump

Solar water heater Biogas digester

Building

Electricity

Heating

Domestic hot water
Biogas

Figure 2: Integration schematic of the hybrid system.

heating system has three different heating modes that are
used according to the availability of solar radiation: (1) with
adequate sunlight, all heat is obtained from solar energy; (2)
with weak sunlight, heating is provided by solar energy and
the coal-fired boiler in combination; and (3) during rain,
snow, and extreme weather events, all heat is provided by the
coal-fired boiler. During the first winter (2014-2015), there
were 82 d of clear weather, 26 d of cloudy weather, and 13 d
of extreme rainy/snowy weather, compared with 70, 34, and
18 d, respectively, during the second winter (2015-2016). The
numbers of days for each heating mode during both seasons
are shown in Table 2.This comparison shows that theweather
over the course of the second cool season was generally
poorer, but that solar-powered heating alone was used on
significantly more days than those requiring boiler usage.
This indicates that, when the heating system was switched
from radiators to low-temperature floor heating, the system
showed greater resistance to weather-induced interference.
In addition, the power-generation stability of the system
improved significantly during these periods.

4.2. Indoor Temperatures. To compare the effectiveness of the
three heating modes, 4 d with similar ambient temperatures
were selected from each of the heating seasons, and the
temperature data acquired from the building’s living room
were evaluated. There was ample solar radiation on those
days, so solar energy was used to heat the experimental
building, while a coal-fired boiler heated the reference build-
ing. Heating was provided between 16:00 h and 24:00 h each
day. Indoor and ambient temperatures for the experimental
and reference buildings on December 30 and 31, 2014, are
shown in Figure 3(a). Ambient temperature ranged between

−10.4∘C and 3.8∘C. The average living-room temperature
was 14∘C (range 7.3∘C, minimum 11∘C) in the experimental
building, compared with 12∘C (range 10.4∘C, minimum 8∘C)
in the reference building. Figure 3(b) illustrates the indoor
and ambient temperatures of the experimental and reference
buildings on December 2 and 3, 2015, during which time
the ambient temperature ranged between −10.8∘C and 3.2∘C.
The average living-room temperature was 14.3∘C (minimum
12.4∘C, range 4.4∘C) in the experimental building, compared
with 12.4∘C (minimum 8.1∘C, range 9.8∘C) in the reference
building. The living-room temperature of 14.3∘C in the
experimental building, which had beenmodified to conserve
energy, met the requirements of the Design Standard for
Energy Efficiency of Rural Residential Buildings (GBT50824-
2013). In addition, the use of low-temperature floor heating
resulted in the highest average indoor temperature and a
smooth temperature-variation curve with minimal fluctua-
tion. This mode of heating provided the greatest stability
among the observed cases.

4.3. Indoor Relative Humidity. Figure 4 shows relative
humidity in the living room of the experimental building
on December 30 and 31, 2014, and December 2 and 3, 2015.
When the building was heated with solar-driven radiators,
the relative humidity was 47–65%, compared with 51–60%
when using solar-driven low-temperature floor heating.
Both heaters were able to provide a comfortable range of
relative humidity during the winter, ranging between 40%
and 60% [14, 15]. However, the low-temperature floor heater
resulted in more consistent humidity levels and was more
stable and provided greater comfort than the solar-driven
radiator.
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Table 3: Results of data analysis.

𝑅2 Standard error Partial regression coefficient 1 (𝛽
1
) Partial regression coefficient 2 (𝛽

2
) Intercept

0.633 0.332 2.32 −0.30 5.75
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Figure 3: Ambient and indoor temperatures: (a) December 30 and 31, 2014; (b) December 2 and 3, 2015.
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Figure 4: Relative humidity in the living room (experimental
building) during December 30 and 31, 2014, and December 2 and
3, 2015.

4.4. Efficiency of Solar Collector. Theefficiency of solar collec-
tors is determined mainly by the quantity of solar radiation,
temperature of the water tank, and ambient temperature.The
average daily difference between the water tank temperature
and ambient temperature and the cumulative solar radiation

were treated as independent variables; the heat collected
over the course of 1 d was treated as the dependent variable.
The following equation was obtained using multiple linear
regressions to describe the quantity of heat collected by a
single solar collector over the course of 1 d:

𝑄
𝑠
= 2.32𝐸 − 0.30 (𝑇

𝑠
− 𝑇
𝑒
) + 5.75, (4)

where 𝑄
𝑠
is the quantity of heat collected by a single solar

collector over the course of 1 d (expressed in MJ), 𝐸 is the
cumulative solar radiation (MJ/m2), 𝑇

𝑠
is the average daily

temperature of the water tank (∘C), and𝑇
𝑒
is the average daily

ambient temperature (∘C).
The results of the data analysis are shown in Table 3. The

multiple determination coefficient (𝑅2 = 0.633) indicates
a moderate fit, which is reasonable for the expected level
of uncertainty in the observed process. The standard error
was 0.332, representing an average error of 0.322MJ in
predicting the average daily difference between thewater tank
temperature and ambient temperature, the heat collected by
the solar collector over the course of 1 d, and cumulative
solar radiation. This error might be due to environmental
factors that were not accounted for in this study, such as
dust and wind speed. The regression coefficient 𝛽

1
was 2.32,

indicating that the quantity of heat collected by a collector
over the course of 1 d will increase by 2.32MJ for every 1-
MJ increase in cumulative solar radiation, assuming that the
difference between averagewater tank temperature and ambi-
ent temperature remains constant. The regression coefficient
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Table 4: Calculation of heat consumption by building footprint.

Building footprint HYCa/W (m2⋅K) CFb Area 𝑡
𝑛
− 𝑡
𝑤
(∘C) HCc (W)

External wall 0.36 0.9 120 16.6 645.4
External window 2 0.9 12 16.6 358.6
Door 3 1.1 5.2 16.6 284.8
Ground 0.47 1 64 16.6 499.3
Roof 1.45 1 64 16.6 1540.5
Total 3328.6
aHeat-transfer coefficient. bCorrection factor. cHeat consumption.
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Figure 5: Daily average temperature difference between water tank
temperature and ambient temperature during two heating seasons.

𝛽2 was −0.30, which indicates that the heat collected by
a collector over the course of 1 d decreases by 0.30MJ for
each 1∘C increase in the average difference between water
tank temperature and ambient temperature, assuming that
cumulative solar radiation remains unchanged.

By dividing both sides of (4) by 𝐴
1
𝐸 (where 𝐴

1
is the

area of a single solar collector, 3.85m2), we then obtain
the equation for calculating the collector’s daily average
collection efficiency,

𝜂 = 0.60 −
0.078 (𝑇

𝑠
− 𝑇
𝑒
) − 1.494
𝐸

, (5)

from which it can be shown that decreases in the average
difference between the water tank temperature and ambi-
ent temperature will increase the collector’s daily average
collection efficiency, if cumulative solar radiation remains
unchanged. Figure 5 shows that this difference was generally
smaller when using the floor heater compared with the
radiator heater.Therefore, the use of floor heaters is beneficial
for increasing the average daily collection efficiency.

5. Analysis of Solar Fraction of Solar-Powered
Heating System

The solar fraction 𝑓 refers to the ratio of heat provided by
the solar energy system versus the required heating load.
Using (2), the total heat supplied by solar energy during the
two heating seasons was calculated as 11619MJ and 22715MJ,
respectively. The required heating load of the system was
calculated as follows.

(1) The experimental building had a total footprint of
117m2; the radiator and floor heaters were located in the three
bedrooms and living room, giving an effective heating area
of 64m2. The heat consumption of the building envelope,
𝑄HT, calculated using (6), was 3328.6W. The details of this
calculation are shown in Table 4.

(2) The heat loss by infiltration can be calculated as
follows:

𝑄INF = 0.28 × 1.293 × 0.5 × 173 × (14 + 2.6)

= 519.9W.
(6)

(3) The indoor heating of the building is given by

𝑄IH = 64.4 × 3.8 = 244.7W. (7)

Based on (5), the heat consumption of the building, 𝑄
𝐻
,

was 3603.8W.Therefore, the required heating load for a single
heating season (121 d) for the experimental building was

𝑞 = 3603.8 × 121 × 24 × 3600 = 37676MJ. (8)

The solar fraction of the systemduring the first heating season
was

𝑓
1
= 11619
37676
× 100% = 30.8%. (9)

The solar fraction of the systemduring the second heating
season was

𝑓
2
= 22715
37676
× 100% = 60.3%. (10)

Therefore, the system provided considerably more heat to
the building after the dissipating terminals of the solar-
powered heating system were changed from radiators to low-
temperature floor heaters. This significantly increased the
solar fraction and solar utilization efficiency, resulting in
substantial energy savings.
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6. Performance of PV Subsystem

The power-generation subsystem has a PV array covering
6.44m2. During the first heating season, the cumulative
solar radiation per unit area of the array was 1901MJ/m2,
corresponding to a total solar input of 12242MJ. Based on
(1), the total power generated by the solar array was 1010MJ,
which is equivalent to 280.7 kW⋅h of power. The intrinsic
power consumption of the system was 137.3 kW⋅h, leaving
143.4 kW⋅h for household usage. Therefore, the actual PV
conversion efficiency of the PV arrays was 8.3%.

During the second heating season, the cumulative solar
radiation per unit area of the PV array was 1817MJ/m2,
corresponding to a total solar input of 11702MJ. The total
energy generated by the solar array was 942.1MJ, equivalent
to 261.7 kW⋅h. The intrinsic power consumption of the
systemwas 146 kW⋅h, leaving 115.7 kW⋅h for household usage.
Therefore, the actual PV conversion efficiency of the PV
arrays was 8.1%.

It is clear that the PV conversion efficiency of the system
began to decline during the second heating season, mainly
reflecting gradually declining output of the PV components.
The second reasonwas that theweatherwas noticeably poorer
during the second heating season, as there were more days
of extreme snowy/rainy weather with lower levels of solar
radiation.The energy generated by the PV systemwas greater
than the system’s intrinsic power consumption. Hence, the
system was able to sustain its own power requirements and
supply power for household usage, which demonstrated that
the system had excellent power-generation performance.

7. Biogas-Production Performance

The biogas system uses solar energy and biomass as inputs
and produces biogas chemical energy and heat as outputs.
This subsystem included evacuated-tube solar collectors, a
temperature-controlled chamber, redmud soft-matter biogas
bag, heating coil, controller, measurement devices, and data-
acquisition device.The evacuated-tube solar collector used in
the experiment had an area of 3.85m2 (40 tubes, each 1.8m
long, with an effective solar collector length of 1.66m and
diameter 0.058m). The angle between the collector’s surface
and the ground was 45∘. The hot water storage tank capacity
was 400 L. The temperature-controlled chamber was a 1.9m
× 1.9m × 2.6m cuboid. The sides of the chamber were made
of coated steel plates sandwiching a 7.5-cm-thick polystyrene
board on the outside and 6-cm-thick extruded polystyrene
boards on the inside. The bottom of the chamber consisted
of a 12-cm-thick extruded polystyrene board, and the top of
the chamber was made of coated steel plates sandwiching a
7.5-cm-thick polystyrene board. The chamber was placed on
a horizontal surface and was fixed in place using a welded
steel frame. The red mud soft-matter biogas bag had an
effective storage capacity of 6.4m3 (1.6m × 1.6m × 2.5m).
The bag was fitted with feed inlets and gas outlets and was
installed inside the temperature-controlled chamber. During
operation, feed materials were loaded into the bottom of
the bag, while gas accumulated at the top. The feed inlet
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Figure 6: Schematic of solar-heated, thermostatically controlled
anaerobic fermentation system for household usage.

on the outside of the temperature-controlled chamber was
located 1.2m from the bottom of the biogas bag, and the
maximum quantity of feed that could be loaded into the bag
was 3.0m3. Aluminum tubes (inner diameter 16mm, outer
diameter 20mm) were attached to the solar-powered water
heater and then secured to the extruded polystyrene boards
on the bottom half of the temperature-controlled chamber
(inside). The heating coils inside the temperature-controlled
chamber had a total length of 40m, while the aluminum and
plastic pipes outside the chamber were insulated with a 3-cm-
thick layer of polyethylene insulation.

In this system, rawmaterials for fermentation, as specified
by the Western China Energy and Environment Research
Center (Lanzhou University of Technology, China), were
mixed with water at specific ratios. The resulting mixture
was then poured into the red mud fermentation bag for
soft feed (2 in Figure 6). The evacuated-tube solar collector
(1 in Figure 6) absorbs solar radiation and converts this
into thermal energy; this is used to heat water, which the
water-circulating pump then forces through the coils on the
bottom of the fermentation bag and the spiral coils around
the chamber (4 in Figure 6). This process transmits the heat
from the hot water, via heat radiation and convection, to
the fermenting feed slurry, thus maintaining a thermostatic
environment that will sustain the anaerobic digestion of
biomass. After the fermenting feed slurry has been heated to
a specified temperature, the automated temperature control
box (5 in Figure 6) turns off the water-circulating pump. If
the temperature sensor inside the fermentation bag records
that the feed slurry has cooled below the temperature range
specified for fermentation, the pump is reactivated to con-
tinue heating the feed slurry. In Figure 6,𝑉

1
is a shut-off valve,

while 𝑉
2
and 𝑉

3
are ball valves.

Figure 7 shows the temperature-variation curves of the
water tank, feed slurry, and ambient temperature for both
winter seasons (242 d). The results show that the biogas
digestermaintained a temperaturewithin 27± 2∘Cevenwhen
the ambient temperature reached its minimum of −25∘C.
Thus, this system is capable of thermostatic fermentation
during the coldest local winter conditions. During the first
heating season, cumulative gas production was 114.7m3, with
54.6% average methane content (62.6m3) giving an average
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Figure 7: Feed slurry temperature, ambient temperature, and water
tank temperature over two heating seasons.

daily biogas production of 0.96m3. During the second
heating season, cumulative gas productionwas 120.5m3, with
55.0% average methane content (66.3m3) giving an average
daily biogas production of 1.0m3. Therefore, the quantity of
biogas produced by this system was sufficient to meet the
cooking-gas requirements of a family of four to fivemembers.

8. Analysis of Energy Savings

The residents of the experimental home throughout the
experimental period primarily consumed energy supplied
by the heating-electricity-gas cogeneration system, electri-
cal power from the national power grid, and heat energy
generated by the burning of coal. The cogeneration system
provided energy from the solar collectors, the PV solar array,
and biogas from the solar-powered digester. This combined
energy provision was derived solely from solar energy and
biomass and was therefore equivalent to the total quantity of
fossil fuel energy that was conserved. The energy-saving rate
of this system during the first season was calculated using (3),
as follows.

(1) The heating provided by the solar collector, 𝑞
1
, was

11619MJ. The efficiency of a coal-fired boiler was calculated
to be 32% [15], given that the calorific value of standard coal
is 29.308MJ/kg. The energy provided by the solar collector
was then equivalent to𝑚

1
= 11619 ÷ (0.32 × 29.308) = 1239 kg

of standard coal.
(2)The standard coal consumption of the auxiliary boiler

was𝑚
2
= 680 kg.

(3) The power generated by the PV array was 𝑞
2
=

280.7MJ, given that the standard coal coefficient for electrical
power is 0.404 kg/kW⋅h.Therefore, the equivalent amount of
coal required to produce this power is𝑚

3
= 113 kg.

(4) Based on local electric power requirements, the
average electric power usage of each household was 3.3 kW⋅h,
and the electrical power needed during the heating season
was 396 kW⋅h. Since the heating-electricity-gas cogeneration
systemwas able to supply 143.4 kW⋅h of power for daily usage,
the household still consumed 253 kW⋅h of power from the
national power grid, which is equivalent to consuming 102 kg
of standard coal.

(5) The total quantity of biogas produced by the system
was 114.7m3, of which 62.6m3 was methane. Given that the
calorific value of methane is 35.9MJ/m3 and the heating
efficiency of the biogas stove was 75%, the heat released by
the burning of biogas was 𝑞

3
= 62.6 × 35.9 × 0.75 = 1686MJ,

which is equivalent to𝑚
5
= 1686 ÷ (0.32 × 29.308) = 180 kg

of standard coal.The energy saved by the household was then
𝑊
1
= 𝑚
1
+𝑚
3
+𝑚
5
= 1239 + 113 + 180 = 1532 kg, while the

energy consumed by the household was𝑊
2
= 𝑚
1
+𝑚
2
+𝑚
3
+

𝑚
4
+ 𝑚
5
= 1239 + 680 + 113 + 102 + 180 = 2314 kg.

The energy-saving rate of the system during the first
heating season was therefore

𝜂 = 𝑊1
𝑊
2

× 100% = 1532
2314
× 100% = 66.2%. (11)

Based on the same calculations, the energy saved during the
second winter was 2718 kg, while the energy consumed by
the household was 3178 kg. This results in an energy-saving
rate of 85.5%.Therefore, the energy-saving rate of the system
was significantly improved following optimization. This was
mainly because the low-temperature floor heaters provided
muchmore heat to the building than did the previous radiator
heaters.

9. Economic and Environmental Benefits

The system costs comprised the PV power-generation sub-
system, including PV arrays; a power inverter; and battery
cells (total cost 16000 CNY). The heating subsystem consists
of six sets of solar collectors (total cost 11400 CNY). The gas-
production subsystem included a thermostatic chamber, a set
of solar collectors, and the biogas bag for soft feed (total cost
6900CNY).Therefore, the initial cost of the systemwas 34300
CNY.The cogeneration system supplied the low-temperature
floor heaters, cooking gas, hot water, winter heating, and
electricity and saved an equivalent of 7364 kg in coal a year.
If each kg of coal releases 3.67 kg of CO

2
, the reduction in

emissions is equivalent to 27.03 t of CO
2
. Based on a coal

price of 1500 CNY/t, the savings accumulated over a year
would be 11046 CNY, which gives a static payback period
of 3.1 yr for this system. Therefore, the heating-electricity-
gas cogeneration system studied here is economically viable,
energy efficient, and environmentally beneficial.

10. Conclusions

The following conclusions were drawn from the operational
tests performed on the proposed cogeneration system over
two heating seasons under actual working conditions.
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(1) After the system was optimized, the average indoor
temperature was able to reach 14∘C. Average indoor relative
humidity was 47% and only fluctuated over a small range.

(2) During the first heating season, the total energy gen-
erated by the power-generation subsystem was 280.7 kW⋅h,
of which 137.3 kW⋅h was consumed by the system’s intrin-
sic power needs, leaving 143.4 kW⋅h for household usage.
Therefore, the actual solar power conversion efficiency of the
PV array was 8.3%. During the second heating season, total
energy generated by the power-generation subsystem was
261.7 kW⋅h, with 146 kW⋅h consumed by the system, leaving
115.7 kW⋅h for household usage. Therefore, the actual solar
power conversion efficiency of the PV array was 8.1%.

(3) Over both heating seasons, the solar-powered ther-
mostatic biogas-generation subsystem was able to maintain
a temperature of 27 ± 2∘C for thermostatic fermentation
inside the biogas digester, even when the ambient tempera-
ture reached a minimum of −25∘C. Furthermore, the daily
biogas production was maintained at approximately 1.0m3
throughout both heating seasons.

(4) After optimizing the system, the energy-saving rate
increased from 66.2% to 85.5%. This was primarily because
the low-temperature floor heaters provided substantially
more heat to the building than the previous radiators. The
system was able to save a total of 7,364 kg of standard coal
each year, had a static payback period of 3.1 yr, and reduced
CO
2
emissions by 27.03 t each year.
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Hydrothermal liquefaction (HTL) of algae is a promising crude bio-oil (biocrude) production technology, which can convert wet
algae into water-insoluble biocrude and other coproducts. In this work, algae HTL at 350∘C and 20min was conducted to obtain
water-insoluble biocrude (B

1
), which was then hydrothermally upgraded at 450∘C, 60min, or with added H

2
and/or homemade

catalyst (i.e., Ni-Ru/CeO
2
or Ni/CeO

2
) for the first time.The characteristics (e.g., yield, elemental component, energy recovery, and

molecular and functional group compositions) of upgraded water-insoluble biocrude (B
2
) as well as light biocrude thereof were

analyzed comprehensively.The results show that Ni-Ru/CeO
2
+H
2
led to the highest yield andHHV (higher heating value), the best

elemental compositions quality of B
2
, and the largest fraction and the best light of light biocrude in B

2
. Ni-Ru/CeO

2
+H
2
had good

catalytic desulfurization effect and could transform high-molecular-weight compounds into low-molecular-weight compounds in
B
1
upgrading. At the condition above, 46.2% of chemical energy in the initial algae could be recovered by B

2
, while average 54.9%

of chemical energy in B
2
was distributed in its light biocrude (hexane-soluble) portion. On the whole, Ni-Ru/CeO

2
+H
2
can be

considered as the optimal additive in all tested cases.

1. Introduction

Hydrothermal liquefaction (HTL) of algae for crude bio-
oil (biocrude) production has increasingly drawn much
attention due to its benign raw material properties, high bio-
oil yield, avoidance of drying step, and so on. It can chemically
convert high moisture algae into water-insoluble biocrude
and coproducts (i.e., gases, aqueous phase, and solids) in
hot compressed water. However, the obtained biocrude does
not meet biodiesel standards in some aspects such as het-
eroatoms content and heating value, so it requires further
biorefinery via proper approaches. An effective method is
hydrothermal upgrading, in which biocrude reacts in water,
either thermally or with added H

2
and/or catalyst to remove

heteroatoms and improve heating value, and so on [1].
Typically, after algae HTL of 1–4 h at around 350∘C, total

biocrude (both water-insoluble and water-soluble biocrudes)

is collected by organic solvent (e.g., dichloromethane) extrac-
tion from all postreaction products and followed hydrother-
mal upgrading with 2–6 h at a supercritical temperature [2–
7]. Notably, the water-insoluble biocrude can spontaneously
separate from aqueous phase by gravity upon cooling after
algae HTL and commonly accounts for more than 85wt% of
the total biocrude and has remarkably distinct characteris-
tics in comparison to the water-soluble biocrude extracted
from the aqueous phase by organic solvent [8, 9]. Due
to pollution and cost restrictions of extraction solvent, it
is more feasible to adopt solvent-free method to collect
and upgrade the water-insoluble biocrude (as the majority
of the total biocrude) in actual industrial production. On
the other hand, it is convenient and economic to directly
use the aqueous phase instead of water in hydrothermal
upgrading, because it is easy to separate part of the aqueous
phase after algae HTL and to use the rest for following
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hydrothermal upgrading. However, relevant investigation
about water-insoluble biocrude upgrading with the aqueous
phase and catalyst is very scarce now, except for our latest
research about catalytic hydrothermal upgrading of water-
insoluble biocrude in supercritical water at 400∘C, 60min
with commercial catalysts (i.e., Mo

2
C, Ru/C, and Pt/C ) [1].

As an extension, this work conducted 20min of algae
HTL at 350∘C to obtain water-insoluble biocrude and then
upgraded it at the higher temperature of 450∘C, 60min with
addedH

2
and/or Ni-Ru bimetallic catalyst homemade for the

first time. The yields, elemental components, energy recov-
eries, and molecular and functional group compositions of
the upgradedwater-insoluble biocrudes at various conditions
were analyzed systematically. The characteristics concerning
the light biocrude in the upgraded biocrude and gaseous
products were examined as well. This information is valuable
for optimizing processes design and operation parameters of
the hydrothermal upgrading of the water-insoluble biocrude
from algae HTL.

2. Experimental Section

2.1. Experimental Procedures. The adopted algae (Nan-
nochloropsis sp.) slurry had 30.5± 2.5 wt%of biomass content,
which was determined by drying three separate samples
at 65∘C in an oven for 48 h. The dry basis algae (about
23.30MJ/kg) contained approximately 52.85, 7.43, 8.78, and
0.62wt% of C, H, N, and S contents, respectively. High
purity solvents (i.e., dichloromethane (DCM), n-hexane,
and deuterated chloroform (CDCl

3
)) were obtained from

commercial sources. High purity (≥99.999%) hydrogen and
helium were purchased from Baoguang Gas Co., Ltd. Several
4.1ml mini-batch reactors were assembled for the HTL
experiments by using 1/2-in. 316 stainless steel Swagelok
port connectors and caps. Subsequent biocrude upgrad-
ing experiments were conducted in the same reactors, but
upgrading reactions with added H

2
or with gas analysis were

implemented by additionally equipping each reactor with a
length of stainless steel tubing and a high-pressure gas valve.

First of all, one set of experiments were carried out to
obtain water-insoluble biocrude from algae HTL at 350∘C,
20min, and 14.1 wt% of algae loading in the reactor (cor-
responding to 1.2354 g algae slurry and 1.3990 g deionized
water). After being sealed, the reactor was placed in a Techne
fluidized sand bath (Model SBL-2) preheated up to 350∘C for
the desired residence time (20min). Herein, the correspond-
ing reaction pressure was about 16.5MPa and the reactor
heating-up time was 2-3min. The postreaction reactor was
removed from the sand bath and quenched in an ambient-
temperature water bath for 15min and then equilibrated at
room temperature for at least 1 h before products collection
and analysis. The reactor was kept in a vertical position as it
was cooled so that little biocrude would adhere to the inner
surface of the reactor top cap. We then opened the reactor
and removed 1.875 g aqueous phase via a pipette. The water-
insoluble biocrude (about 0.1505 g) from algae HTL (with a
little solids residue) and the aqueous phase residue (around
0.3750 g) in the reactor were never in contact with DCM and
were used in situ for the following upgrading experiments.

0.0225 g catalyst (if necessary, about 15 wt% of B
1
mass) was

loaded into the reactor, and then the reactor was vacuumed
and filled either with helium (10KPa) to eliminate the effect
of reactor inside air in the test withoutH

2
addition or withH

2

to 2.0MPa to check the effect of H
2
addition. The upgrading

experiments were carried out in the sand bath at 450∘C,
60min under different conditions such as catalyst and/or
H
2
addition, and the corresponding reaction pressure was

approximately 22.5MPa (based on steam tables). We then
removed the reactor from the sand bath and cooled it and
followed the previously describedmethod 2 procedure [8] for
products collection. In this procedure, the contact between
the aqueous phase and DCM is avoided by removing the
aqueous product via a pipette, prior to the recovery of the
water-insoluble biocrude from the reactor. Eventually, water-
insoluble biocrude (B

2
) was obtained from B

1
upgrading

products, and light biocrude in B
2
(B
2

L) could be further
gained by n-hexane extraction.

The mainly used catalysts were 10wt%Ni0.1Ru/CeO
2
and

10wt%Ni/CeO
2
, which were prepared in house and detailed

procedures had been described by our previous report [10].
Herein, 10 wt% represents themass percentage of activemetal
(Ni+Ru or Ni) in the catalyst, and 0.1 is the mass ratio of
Ru/Ni. For simplification,Ni-Ru/CeO

2
, Ni/CeO

2
, and “none”

were adopted to separately represent 10 wt%Ni0.1Ru/CeO
2
,

10 wt%Ni/CeO
2
, and the case without catalyst and H

2
in this

work. Herein, the cases of Ni/CeO
2
and “none” were tested

for comparison with that of Ni-Ru/CeO
2
.

2.2. Analysis Methods. Elemental compositions (i.e., C, H,
N, and S) of dry basis algae and all biocrude samples were
determined by a cube CHNS elemental analyzer (Elementar
Vario EL) with uncertainties of <3% of the reported value.
Compound components of biocrude were identified via a
gas chromatography-mass spectrometer (GC-MS, Agilent
Technologies 6890N) equipped with an autosampler, an
autoinjector, a mass spectrometric detector, and an Agilent
HP-5 capillary column (50m × 200𝜇m × 0.33 𝜇m). Nuclear
magnetic resonance (NMR) and Fourier transform infrared
(FT-IR) spectroscopic analyses of biocrude were conducted
to characterize functional group compositions. Detailed
information on these instruments and procedures was intro-
duced in our previous research [8]. Gaseous products were
identified and quantified by an Agilent Technologies model
6890N gas chromatograph equipped with a thermal conduc-
tivity detector, following themethod reported previously [11].

Biocrude yield and energy recovery were defined as
follows:

Biocrude yield

= Mass of biocrude
Mass of dry basis algae loaded into the reactor

× 100%
Energy recovery

= HHV of biocrude × the biocrude yield
HHV of dry basis algae

× 100%

(1)
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Figure 1: B
2
yield and light biocrude fraction in B

2
after B

1
(derived

from algae HTL at 350∘C, 20min) upgrading at 450∘C, 60min with
or without H

2
and/or catalyst.

The higher heating value (HHV) of dry basis algae or
biocrude was estimated by the following Dulong formula:

HHV (MJ/kg) = 0.338C + 1.428 (H − O8 ) + 0.095S, (2)

where C, H, O, and S are the wt% composition of each
element in the material. The O content was calculated by the
differences from theC,H,N, and S values and reserving 1 wt%
for other elements not assessed.

Three independent experiments were carried out at the
same conditions to determine the uncertainties of experi-
mental data. The results reported herein are mean values and
their uncertainties are the sample standard deviations.

3. Results and Discussion

All experiments about algae HTL and biocrude upgrading
produced water-insoluble biocrude, gases, aqueous phase,
and solids, and total mass balance exceeded 91.0 wt% in
products collection.

3.1. Biocrude Yield. AlgaeHTL at 350∘C, 20min, and 14.1 wt%
of algae loading led to 37.5 ± 0.21 wt% of B

1
yield. Figure 1

shows B
2
properties after B

1
upgrading at 450∘C, 60min,

with or without H
2
and/or catalyst. It can be found that Ni-

Ru/CeO
2
+H
2
led to the highest B

2
yield (27.0 wt%, corre-

sponding to about 72.0 wt% of B
1
yield), likely due to catalytic

hydrogenation effect during B
1
upgrading. The much lower

B
2
yield (21.72 wt%) appeared at the Ni-Ru/CeO

2
condition,

and this might be attributed to a large amount of gases
formation promoted by the catalyst in supercritical water [10].
Based on the B

2
yield (23.94wt%) in the case of H

2
addition,

there seemingly was synergetic effect between H
2
and Ni-

Ru/CeO
2
on B
2
yield improvement because their coexistence

probably inhibits gases formations. Light biocrude fraction
in biocrude, which was defined as the measured mass of light
biocrude (hexane-soluble) divided by the biocrude mass, is
a proxy for biocrude quality because these hexane-soluble
compounds are less polar and of moderate boiling point
and thus more desirable for fuel use, compared with heavy
biocrude (hexane-insoluble) compounds [9]. As indicated
in Figure 1, Ni-Ru/CeO

2
+H
2
could obviously increase the

light biocrude fraction in B
2
and led to the highest value

(57.14 wt%), meaning the remarkable improvement of B
2

quality. Herein, similar synergetic effect between H
2
and Ni-

Ru/CeO
2
on the promotion of the light biocrude fraction

in B
2
was found as well, probably due to the conversion

of hexane-insoluble biocrude to hexane-soluble biocrude in
hydrothermal upgrading at the Ni-Ru/CeO

2
+H
2
condition.

Thereby, we could adopt the Ni-Ru/CeO
2
catalyst together

with H
2
to regulate the properties of the upgraded water-

insoluble biocrude. It is worthy noticing that the upgrading
without H

2
and catalyst (i.e., none) rendered considerably

high B
2
yield and light biocrude fraction in B

2
, so it may be

considered as a pre-upgrading process of B
1
in actual large

scale production.

3.2. Elemental Composition and HHV. Table 1 indicates
elemental compositions and HHVs of B

2
and B

2

L after B
1

upgrading under different conditions. It can be observed that
hydrothermal upgrading could increase the C content and
simultaneously reduce S and O contents. Deoxygenation can
be realized by forming CO

2
, H
2
O, and CO through complex

reactions such as decarboxylation and dehydration [12, 13].
Note that the Ni-Ru/CeO

2
catalyst had the best catalytic

desulfurization effect and Ni-Ru/CeO
2
+H
2
was also much

better for sulfur removal. This has good agreement with
the findings that the S content in bio-oil by Ni/SiO

2
-Al
2
O
3

catalytic upgrading is below detection limit [14] and Ru/C
has good desulfurization performance [15]. Ni-Ru/CeO

2
+H
2

rendered the highest C content, the largest HHV, the lowest
O content, and the second lowest N+S content, so totally
exhibiting the best catalytic upgrading effect in all tested
cases. Consistently, H

2
addition together with catalyst is

desirable for hydrogenation and hydrodeoxygenation behav-
iors in biocrude upgrading [3, 4, 6]. Apparently, based on
the higher C, H contents and HHV but lower heteroatoms
(i.e., N, O, and S) contents, each B

2

L had better quality
than its corresponding B

2
. Thus, the tested catalysts (i.e.,

Ni-Ru/CeO
2
and Ni/CeO

2
) had substantially positive effect

on the improvement of B
2

L quality in B
1
upgrading in

the presence of H
2
, due to the increase of C, H contents,

and HHVs and the decrease of N, S, and O contents.
The combined Ni-Ru/CeO

2
+H
2
led to the best B

2

L quality
with the highest C+H content, the largest HHV, and the
lowest N+S+O content. Overall, the best catalytic effect of
Ni-Ru/CeO

2
+H
2
is likely attributed to positive reactions

such as hydrogenation, deoxygenation, denitrogenation, and
desulfurization in B

1
upgrading.

Energy recovery is a key indicator of the effectiveness
of a hydrothermal process in capturing the chemical energy
of initial algae in the produced biocrude [16]. Due to little
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Table 1: Elemental compositions, HHVs, and energy recoveries of B
1
(derived from algae HTL at 350∘C, 20min) and B

2
and B

2

L (obtained
from B

1
upgrading at 450∘C, 60min with different additives).

Additive Biocrude Element (wt%) N/C O/C HHV
(MJ/kg) Energy recovery (%)

C H N S O
– B

1
77.05 9.76 4.82 0.53 6.84 0.063 0.089 38.81 62.46

None B
2

79.74 9.44 4.24 0.37 5.21 0.053 0.065 39.54 38.03
H
2

B
2

79.19 9.59 4.37 0.41 5.44 0.055 0.069 39.53 40.61
Ni-Ru/CeO

2
B
2

79.63 9.55 4.03 0.19 5.6 0.051 0.070 39.57 36.89
Ni-Ru/CeO

2
+H
2

B
2

80.23 9.57 4.12 0.22 4.86 0.051 0.061 39.94 46.24
Ni/CeO

2
+H
2

B
2

79.27 8.87 4.55 0.45 5.86 0.057 0.074 38.46 37.80
None B

2

L 80.26 9.49 4.04 0.25 4.96 0.050 0.062 39.82 32.11
H
2

B
2

L 80.63 9.77 3.59 0.35 4.66 0.045 0.058 40.41 30.10
Ni-Ru/CeO

2
B
2

L 81.26 9.57 3.54 0.18 4.45 0.044 0.055 40.35 23.24
Ni-Ru/CeO

2
+H
2

B
2

L 81.9 9.73 3.62 0.19 3.56 0.044 0.043 40.96 29.25
Ni/CeO

2
+H
2

B
2

L 81.4 9.6 3.89 0.16 3.95 0.048 0.049 40.53 24.75

variation of biocrude HHVs under different conditions, the
energy recovery is largely tracked with the biocrude yield, as
displayed in Table 1. It can be noticed that the energy recovery
of B
1
was 62.5% after algae HTL, but after B

1
upgrading at

various conditions, the energy recoveries of B
2
ranged from

36.9 to 46.2% (average 39.9%) of the heating value of the algae
initially loaded into the reactor.Ni-Ru/CeO

2
+H
2
addition led

to the high energy recovery of 46.2% owing to the largest
B
2
yield in this case (see Figure 1). Moreover, the energy

recoveries of B
2

L ranged from 23.2 to 32.1% (average 27.9%) of
the heating value of the algae loaded initially. Notably, it can
be calculated that 49.7–58.6% (average 54.9%) of chemical
energy in B

2
was distributed to B

2

L (i.e., its light biocrude
portion). Hence, taking into account the yields, elemental
compositions, HHVs, and energy recoveries of both B

2
and

B
2

L, Ni-Ru/CeO
2
+H
2
can be regarded as the optimal additive

in all tested cases.

3.3. Gas Analysis. Note that Ni-Ru/CeO
2
is favorable for

organic matters gasification to produce a flammable gas mix-
ture in supercritical water [10], so gaseous products are also
concerned in this research. Table 2 provides gaseous products
after hydrothermal upgrading of B

1
at different conditions,

so major gases compositions included H
2
, CH
4
, CO
2
, C
2
H
2
,

C
2
H
6
, CO, and C

2
H
4
at the condition in absence of H

2
.

Compared with the case without catalyst and H
2
(i.e., none),

the Ni-Ru/CeO
2
catalyst could significantly improveH

2
mole

fraction (from 29.6% to 41.1%), and meanwhile the postreac-
tion pressure increased fromabout 2.2 to 3.5 bar.This suggests
that Ni-Ru/CeO

2
led to much more H

2
and C-containing

gases formation during B
1
upgrading probably mainly via

promoting water-gas shift and decarbonation reactions. This
outcome is in good accord with the findings that Ru/C
[17] and Ni-Ru/CeO

2
[10] are effective for hydrothermal

gasification and the relatively low B
2
yield in Figure 1 as well.

Notably, it reminds us that these flammable gases formed in
the water-insoluble biocrude upgrading should be disposed
properly in large scale production processes. In the case of H

2

addition, major identified gaseous products were CH
4
, CO
2
,

C
2
H
6
, C
2
H
4
, CO, and unreacted H

2
, but there was no C

2
H
2

due to hydrogenation effect. Similar gases compositions are
also found in catalytic upgrading of duckweed biocrude in
subcritical water [18]. The far high H

2
mole fraction (about

70%) is mainly attributed to initial H
2
addition (2.0MPa).

Nonetheless, the remarkable reduction of the postreaction
pressure in contrast to that before reaction suggests a large
amount of H

2
consumption for heteroatoms removal (likely

in the forms of H
2
O, NH

3
, and H

2
S) and hydrogenation in

B
1
upgrading. Certainly, at the same time, there is also H

2

formation due to biocrude gasification in supercritical water
(see the “none” group).

3.4. GC-MS Analysis. Biocrude is produced by complex
reactions such as oligomerization, depolymerization,
decomposition, and reformation reactions [19–21]. Its
compounds compositions are mainly dependent on
feedstock feature, since not only lipids but also proteins
and carbohydrates are converted into biocrude in algae
HTL [22]. Figure 2 exhibits total ion chromatograms of B

1

and B
2
derived from B

1
upgrading at the Ni-Ru/CeO

2
+H
2

condition. The characteristics of the upgraded water-
insoluble biocrude are explored here for the first time. In
combination with Table 3 (tentative GC-MS analysis results),
it can be confirmed that B

1
consisted of large amounts of

complex compounds such as propanal, 2,2-dimethyl-, oxime;
cycloheptasiloxane, tetradecamethyl-; cyclooctasiloxane,
hexadecamethyl-; heptadecane; 2-hexadecene, 3,7,11,15-
tetramethyl-, [R-[R∗,R∗-(E)]]-; 7,8-didehydro-4,5-epoxy-
17-methyl-3,6-bis[(trimethylsilyl)oxy]-, (5.alpha.,6.alpha.)-;
cycloheptasiloxane, tetradecamethyl-; cyclodecasiloxane,
eicosamethyl-; and cyclotrisiloxane, hexamethyl-; 2-
methyl-6-(5-methyl-2-thiazolin-2-ylamino)pyridine. Some
of them contained N, O, and both them, which
is consistent with high N and O contents in this
material (see Table 1). Some existing cyclic nitrogenous
compounds (e.g., 7,8-didehydro-4,5-epoxy-17-methyl-3,6-
bis[(trimethylsilyl)oxy]-, (5.alpha.,6.alpha.)-; 2-methyl-6-(5-
methyl-2-thiazolin-2-ylamino)pyridine) are likely produced
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Table 2: Gaseous products compositions after B
1
upgrading at 450∘C, 60min with different additives.

Additive H
2

(%)
CO
(%)

CH
4

(%)
CO
2

(%)
C
2
H
2

(%)
C
2
H
4

(%)
C
2
H
6

(%)
Pressure after
reaction (bar)

None 29.6 ± 1.2 5.0 ± 0.8 18.7 ± 2.2 16.1 ± 1.1 12.2 ± 1.8 4.3 ± 0.4 12.5 ± 1.1 2.2 ± 0.2
H
2

70.7 ± 6.9 2.8 ± 0.4 9.2 ± 2.4 6.6 ± 1.2 – 2.91 ± 0.3 6.5 ± 1.0 9.7 ± 0.4
Ni-Ru/CeO

2
41.1 ± 2.7 3.2 ± 0.5 16.6 ± 1.9 21.8 ± 1.4 5.7 ± 1.0 2.7 ± 0.2 8.4 ± 1.5 3.5 ± 0.3

Ni-
Ru/CeO

2
+H
2

70.4 ± 7.7 1.1 ± 0.6 9.0 ± 1.7 9.7 ± 1.3 – 1.8 ± 0.3 6.5 ± 0.9 8.8 ± 0.3
Ni/CeO

2
+H
2

69.8 ± 7.2 2.1 ± 0.4 8.75 ± 1.2 8.9 ± 1.1 – 1.9 ± 0.3 6.2 ± 0.8 8.2 ± 0.4
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Figure 2: Total ion chromatograms of (a) B
1
derived from algae HTL at 350∘C, 20min, and (b) B

2
obtained from B

1
upgrading at 450∘C,

60min, Ni-Ru/CeO
2
+H
2
conditions.

by Maillard reactions between amino acids and reducing
sugars, which are separately formed by the hydrolysis of
proteins and carbohydrates [20].

Apparently, the total ion chromatogram of B
2
looks com-

pletely different from that of B
1
, because most compounds

appearing in the range of 45–75min in B
1
disappeared or

reduced. Major compounds in B
2
appeared in the range

of 28–55min, where the peaks areas sum of all identified
compounds took up 95.7% of the total peak area. Main
compounds involved pentadecane, tridecane, tetradecane,
heptadecane, and dodecane, in which pentadecane and
tridecane seem to be the most abundant two species. Thus,
hydrothermal upgrading of B

1
with Ni-Ru/CeO

2
+H
2
is

able to transform high-molecular-weight compounds into
low-molecular-weight (i.e., low-boiling-point) compounds,
meaning the quality improvement of the upgraded biocrude.
More importantly, this catalytic upgrading helps to remove
heteroatoms (e.g., O and N) in B

1
to form the upgraded

biocrude with abundant presence of a series of aliphatic
saturated hydrocarbons. Reactions such as decarboxylation,
dehydroxylation, and deamination contribute to the het-
eroatoms removal, hydrocarbons formation, and so cor-
responding increase in carbon content and HHV after
hydrothermal upgrading.

3.5. NMR Analysis. 1H-NMR and 13C-NMR analysis of
biocrude was conducted to identify the types of functional
groups. Chemical shift provides information concerning
functional group identification, and corresponding peak area
can roughly reflect its relative abundance.

3.5.1. 1H NMR Analysis. Figure 3 illustrates 1H NMR spec-
tra of B

1
and B

2
derived from B

1
upgrading at the Ni-

Ru/CeO
2
+H
2
condition. The resonances at 0.8 and 1.2 ppm

are characteristics of protons in terminal methyl groups
and methylene groups in alkyl chains, respectively [23].
The peak at around 2.1 ppm is consistent with resonance
expected from protons on carbon atoms 𝛼 to an acyl
group [15]. There was a peak near 7.2 ppm in B

1
and

B
2
, which arises from aromatic protons or conjugated

dienes [15, 24], and herein the much smaller peak area in
the B

2
spectrum suggests that the catalytic hydrothermal

upgrading by Ni-Ru/CeO
2
+H
2
can effectively reduce the

compounds containing the functional groups above. This
is consistent with the findings in the GC-MS analysis.
Differently, in the B

2
spectrum, a clear peak emerged at

around 5.2 ppm representing phenolic -OH [24], possibly
due to the existence of hydroxyketone in the upgraded
biocrude. The appearance of these peaks above reveals the
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Table 3: Tentative products identifications by GC-MS analysis of B
1
and B

2
in Figure 2.

Retention
time (min) Compound Relative peak

area (%)
11.7223a Propanal, 2,2-dimethyl-, oxime 0.3283
38.1796a Benzoic acid, 4-methyl-2-trimethylsilyloxy-, trimethylsilyl ester 1.337
39.2486a Cycloheptasiloxane, tetradecamethyl- 3.2133
43.1274a Diethyl phthalate 0.0338
44.6316a Cyclooctasiloxane, hexadecamethyl- 7.5681
45.6930a Heptadecane 0.6365
48.2967a 1-Dodecanol, 3,7,11-trimethyl- 1.3641
48.8617a Hexadecane, 2,6,10,14-tetramethyl- 1.862
49.2741a Cyclononasiloxane, octadecamethyl- 7.8494
49.5718a 2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R∗,R∗-(E)]]- 5.1915
57.1387a Cyclodecasiloxane, eicosamethyl- 5.7078
60.5213a Morphinan, 7,8-didehydro-4,5-epoxy-17-methyl-3,6-bis[(trimethylsilyl)oxy]-, (5.alpha.,6.alpha.)- 8.6591
63.6290a Cycloheptasiloxane, tetradecamethyl- 10.5962
66.5381a Cyclodecasiloxane, eicosamethyl- 10.0725
69.3022a Cyclotrisiloxane, hexamethyl- 12.5258
69.7069a Tetrasiloxane, decamethyl- 0.5209
71.5088a Arsenous acid, tris(trimethylsilyl) ester 0.3042
72.3411a (p-Methoxyphenyl)-acetonyl-dimethylsilane 6.9254
72.5015a 2-Methyl-6-(5-methyl-2-thiazolin-2-ylamino)pyridine 1.0923
75.8993a 2,4,6-Cycloheptatrien-1-one, 3,5-bis-trimethylsilyl- 5.2647
24.5728 Undecane 2.7899
28.6044 Dodecane 6.3133
32.1702 Benzene, 1-(2-butenyl)-2,3-dimethyl- 4.0373
32.4222 Tridecane 10.9529
33.2621 2,4,6(1H,3H,5H)-Pyrimidinetrione, 5-butyl-5-ethyl-1,3-bis(trimethylsilyl)- 3.2033
33.7432 Spiro(9-methylenetricyclo[6.2.1.0(2,7)]undeca-2,4,6-triene)-11,1-cyclopropane 2.7049
35.1252 Naphthalene, 1,2,3,4-tetrahydro-1,1,6-trimethyl- 3.9456
35.7742 2-Tetradecene, (E)- 3.7452
36.0338 Tetradecane 7.816
39.1873 Cyclododecane 3.3313
39.4240 Pentadecane 17.3115
39.9509 2H-1,2,5-Oxasilaborole, 5-tert-butyl-4-ethyl-2,2,3-trimethyl- 3.3719
42.6309 Hexadecane 4.6292
45.6699 Heptadecane 7.1577
48.5485 Octadecane 5.014
48.8539 Hexadecane, 2,6,10,14-tetramethyl- 4.3843
51.2897 Nonadecane 3.2509
51.5951 3-Butyn-1-ol 2.025
53.8934 Eicosane 2.5267
56.3826 Heptadecane, 2,6,10,15-tetramethyl- 1.4892
aThe peaks are for Figure 2(a) and other peaks are for Figure 2(b).

existence of alkyl moieties, carbonyl functionalities, and
aromatic or unsaturated molecules in the biocrudes, though
in different amounts [9]. Overall, in B

1
and B

2
obtained

from B
1
upgrading with Ni-Ru/CeO

2
+H
2
, alkane functional-

ity (0.5–1.5 ppm) and aliphatic 𝛼-to-heteroatom/unsaturated
functionality (1.5–3.0 ppm) [25] were very abundant, due to

the presence of alkanes and other compounds with aliphatic
methylene and methyl groups.

3.5.2. 13C NMR Analysis. Figure 4 displays 13C-NMR spectra
of B
1
and B

2
(at the Ni-Ru/CeO

2
+H
2
condition). They have

larger chemical shift regions and thus provide more details



BioMed Research International 7

12 10 8 6 4 2 014
(ppm)

B1

(a)

12 10 8 6 4 2 014
(ppm)

B2

(b)

Figure 3: 1H-NMR spectra of (a) B
1
obtained from algae HTL at 350∘C, 20min, and (b) B

2
derived from B

1
upgrading at 450∘C, 60min, and

Ni-Ru/CeO
2
+H
2
conditions.
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Figure 4: 13C-NMR spectra of (a) B
1
derived from algae HTL at 350∘C, 20min, and (b) B

2
obtained from B

1
upgrading at 450∘C, 60min,

and Ni-Ru/CeO
2
+H
2
conditions.

about C-related functional groups.The two spectra possessed
some peaks in the 0–55 ppm region, where aliphatic methyl
andmethylene carbon (such as alkane carbons) atoms appear
[4]. This suggests that aliphatic linkage variability lies with
chain length or degree of branching within the linkers [24].
In detail, the region above can be divided into 0–28 ppm
(short aliphatics) and 28–55 (long and branched aliphatics),
and these aliphatic carbon atoms contribute significantly to
energy content [25]. Except for the solvent peak at around
77 ppm, there was no signal in the 55–95 ppm region, where
carbohydrate carbons appear [25]. Moreover, each biocrude
also indicated a peak at about 207 ppm, where carbonyl
carbons in ketones and aldehydes appear [8]. The drop of the
peak area implies the content reduction of the O-containing
compounds above after B

1
upgrading with Ni-Ru/CeO

2
+H
2
.

3.6. FT-IR Analysis. Figure 5 elucidates FT-IR spectra of B
1

from algae HTL and B
2
obtained from hydrothermal upgrad-

ing of B
1
with Ni-Ru/CeO

2
+H
2
. GC-MS and NMR analysis

results show that the two biocrudes contained methylene
groups in alkanes, which is proved by further FT-IR anal-
ysis herein. Asymmetrical and symmetrical C–H stretching
vibrations in aliphatic methylene groups appear in the range
of 2800–3000 cm−1 [15]. The existence of carbonyl carbon
(such as carboxylic acids and esters) is characterized by the
bands at 1650–1760 cm−1 [8]. The high intensity in these two
regions is in accord with a significant amount of hydrogen
in the biocrudes being aliphatic [15]. The spectrum of B

2

also exhibited strong absorbance at approximately 1450 cm−1,
where the scissoring band in methylene groups emerges
[23]. This is probably attributed to some mononuclear
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Figure 5: FT-IR spectra of B
1
derived from algae HTL at 350∘C,

20min, and B
2
obtained from B

1
upgrading at 450∘C, 60min, and

Ni-Ru/CeO
2
+H
2
conditions.

aromatic compounds (e.g., naphthalene, 1,2,3,4-tetrahydro-
1,1,6-trimethyl- in Table 3) present in the biocrude. In addi-
tion, the two biocrudes also had other different functional
groups such as methyl, methylene, aromatic, and alkyne
groups appearing at ∼1378, ∼1271, ∼1036, and ∼735 cm−1,
respectively, and their different absorbance intensities imply
content variations. Different from B

1
, B
2
presented certain

intensity of bands within 2000–2500 cm−1 representing triple
bonds or cumulative double bonds and large amounts of
absorption peaks within 3600–3900 cm−1 (e.g., O–H stretch-
ing vibrations in hydroxyketone [26]). Hence, hydrothermal
upgrading of B

1
with Ni-Ru/CeO

2
+H
2
led to obvious varia-

tions of functional groups compositions and contents in B
2
.

4. Conclusions

In all tested hydrothermal upgrading (at 450∘C, 60min and
with added H

2
and/or catalyst) of B

1
from algae HTL at

350∘C, 20min, Ni-Ru/CeO
2
had the best catalytic desul-

furization effect and could significantly improve H
2
mole

fraction and renderedmuchmoreH
2
and C-containing gases

formation after B
1
upgrading. Ni-Ru/CeO

2
+H
2
led to the

highest B
2
yield (27.0 wt%), the best elemental compositions,

and the largest HHV (39.94MJ/kg), as well as the highest
B
2

L fraction in B
2
(57.1 wt%) and the best B

2

L quality. At
the Ni-Ru/CeO

2
+H
2
condition, 46.2% of chemical energy in

initial algae could be recovered in B
2
, and average 54.9% of

chemical energy in B
2
was in its light biocrude portion. Ni-

Ru/CeO
2
+H
2
was able to transform high-molecular-weight

compounds into low-molecular-weight compounds and led
B
2
to containing a series of abundant aliphatic saturated

hydrocarbons such as pentadecane, tridecane, tetradecane,
heptadecane, and dodecane. Overall, Ni-Ru/CeO

2
+H
2
can be

regarded as the optimal additive in all tested cases, and there

seemingly was synergetic effect between Ni-Ru/CeO
2
and H

2

on B
2
yield and quality improvement after B

1
upgrading.
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The anaerobic fermentation of crop straw and animal wastes is increasingly used for the biogas and green energy generation,
as well as reduction of the environmental pollution. The anaerobic cofermentation of corn stalks inoculated by cow dung was
found to achieve higher biogas production and cellulose biodegradation. In this study, the effect of mixing corn stalks with cow
dung at five different fermentation stages (0, 7, 15, 23, and 31 days of the total fermentation cycle of 60 days) on the further
cofermentation process was explored, in order to optimize the corn straw utilization rate and biogas production capacity. In
addition, the straw microstructure evolution was investigated by the SEM and XRD methods to identify the optimal conditions
for the straw biodegradation process enhancement. The five test groups exhibited nearly identical total biogas productivity values
but strongly differed by daily biogas yields (the maximal biogas generation rate being 524.3ml/d). Based on the degradation
characteristics of total solids (TS), volatile solids (VS), and lignocellulose, groups #1 and #3 (0 and 15 days) had the most significant
degradation rates of VS (43.73%) and TS (42.07%), respectively, while the largest degradation rates of cellulose (62.70%) and
hemicellulose (50.49%) were observed in group #4 (23 days) and group #1 (0 days), respectively. The SEM analysis revealed strong
microstructural changes in corn stalks after fermentationmanifested bymultiple cracks and striations, while theXRD results proved
the decrease in peak intensity of cellulose ⟨002⟩ crystal surface and the reduced crystallinity after cofermentation. The results of
this study are assumed to be quite instrumental to the further optimization of the corn stalk anaerobic digestion by inoculation
with digested manure for lignocellulose degradation enhancement and biogas productivity improvement.

1. Introduction

Large agricultural countries, which produce food and live-
stock products, have to utilize the by-products, including
crop straw and livestock manure. Thus, in China, the annual
production of crop straw in 2015 amounted to about 810
million tons, the corn straw share being about 36% or 290
million tons, while the respective livestock manure annual
production exceeded 2 billion ton [1]. Crop straw is a
multipurpose renewable biological resource, which contains
nutrient elements such as C, N, P, K, Ca, Mg, and many
organic matters like cellulose, hemicellulose, and protein, but

a large part of it is discarded or burned, which not only wastes
biomass but also causes a serious environmental pollution.
Manure also contains organic matters and nutrient elements,
which makes it a good fertilizer, but it is not fully utilized
as well. Since inappropriate treatment of crop stalks and
livestockmanure causes great stress to the environment, their
comprehensive and efficient utilization is of great significance
for saving bioresources, environmental protection, and agri-
cultural development improvement.

Anaerobic digestion (AD) is one of the renewable
energy production technologies, wherein wastes are effi-
ciently treated and the residue (digestate) from the process
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can be returned to farmland as a biofertilizer [2]. The
anaerobic digestion technology can effectively solve the above
problems and convert the renewable straw and livestock
waste resources into energy substances, such as biogas and
industrial ethanol [3–7]. More and more researchers address
the anaerobic fermentation [8, 9], and many countries have
already launched biogas projects [10, 11]. However, the anaer-
obic fermentation of pure waste materials exhibited many
disadvantages, including nutritional imbalance, acidification,
weak buffering capacity, high ammonia nitrogen content,
and long chain fatty acid suppression [12, 13], which affect
the stability of biogas-generating systems. Therefore, experts
have combined various organic compounds to make anaero-
bic fermentation [14, 15] and revealed that their codigestion
can not only avoid the limitation of single raw material
fermentation but also improve the utilization efficiency of
biomass resources and ensure the joint treatment of various
wastes [10, 16–19]. In particular, Jang et al. [20] studied the
mixed anaerobic fermentation of wastewater and activated
sludge and reported the best organic removal rate and biogas
yield when the wastewater and activated sludge ratio was 3
to 4. Zheng et al. [21] found that the anaerobic fermentation
of mixed cow dung and switchgrass outperformed that of
pure switchgrass by the buffering ability, anaerobic digestion
efficiency, and the methane production (which increased by
39%). Codigestion has become an important development
trend of anaerobic fermentation technology.

The crop straw structure is complex and includes lig-
nocellulose (lignin, hemicellulose, and cellulose). In turn,
the main components of cellulose and hemicellulose are
hexose and pentose, respectively, where degradation occurs
during the anaerobic fermentation, in contrast to lignin, as
reported by Fernandes et al. [22]. A separate fermentation
of straw exhibits easy acidification, long fermentation cycle,
low degradation efficiency, yield and utilization of straw, and
so on [23]. In contrast to straw, livestock dung has a lower
carbon-nitrogen ratio and contains numerous nitrogenous
substances, including protein, which are decomposed into
ammonia nitrogen and exert a buffer effect on the pH drop
caused by volatile fatty acids (VFA) [24]. Therefore, the
codigestion of animal waste and straw can solve the above
problems, improve their utilization rate, enhance the biogas
yield, and shorten the fermentation cycle. In recent years, the
codigestion of livestock manure and crop straw has attracted
attention of international researchers, and some successful
achievements were reported. Thus, Gebert and Groengroeft
[25] revealed that the addition of 40% of wheat stalks and
100% of rice straw to cow dung increased the daily biogas
production by 10.2% and 88.1%, respectively. Liu et al. studied
the codigestive performance effect of varied proportions of
pig dung and rice straw and reported the optimal ratio, which
made the biogas peak appearance acceleration by 11 to 15
days and the maximum yield improvement by 85∼265mL
compared to the separate fermentation.

Although the codigestion of crop straw and livestock
manure improves the utilization rate of waste/raw materi-
als, numerous nondegraded organic matters (mostly, straw
residue) remain in the biogas slurry.This issue was addressed
in this study on anaerobic cofermentation of cow dung

Table 1: Physicochemical properties of materials.

Physicochemical properties Corn straw Cow dung
Total solids (TS), % 94.51 10.28
Volatile solids (VS), % 95.21 79.01
Cellulose, % 39.77 20.15
Hemicellulose, % 26.63 18.13
Lignin, % 7.22 10.76

and corn stalk. The former was fermented separately, and
the resulting fermentation broth obtained at five different
stages of the fermentation period was mixed with corn
stalk to start the codigestion experiment. The comparative
analysis of the respective five test groups, including their
biogas production, organic matter degradation rate, and
microstructural changes, made it possible to identify the
optimal mixing conditions for the biogas yield and organic
compound utilization efficiency improvement.

2. Materials and Methods

2.1. Source and Description of Material. The corn stalks and
fresh cow dung (FCD) used in the test were taken from dairy
farm in Yingkou, China. The stalks were treated by natural
air drying and ground into fragments of 1–3 cm length. The
physicochemical properties of the materials are listed in
Table 1.

2.2. Methods

2.2.1. Experimental Setup. The test equipment consisted of
anaerobic fermentation tank, thermostat device, and biogas-
gathering device. As an anaerobic reactor, 500ml serum
bottle was used, which was sealed with a rubber stopper,
and connected by the hose with a flowmeter to the biogas-
gathering device. The constant-temperature water bath was
used to maintain the fermentation temperature of (37± 1)∘C.
2.2.2. Experimental Design. The experimental study involved
a mixed anaerobic fermentation of corn straw and cow dung,
wherein fresh or partly digested cow dung was added to corn
straw, in order to enhance the joint fermentation process.
According to the anaerobic fermentation curve of fresh cow
dung (FCD) depicted in Figure 1, five terms were selected
to add the straw: 0 days/immediate mixing (test group #1),
7 days (test group #2), 15 days (test #3), 23 days (test group
#4), and 31 days (test group #5), respectively. These terms
corresponded to respective peaks or kink points in the biogas
production rate curve (see blue line in Figure 1), while the
total fermentation cycle was 60 days.

The 500ml serum bottle was used as an anaerobic tank,
with the active volume of 400ml. Cow dung and corn straw
weremixed in proportion 3 : 1 at different fermentation stages
(this is based on mass; strictly controlled mass of corn stalks
is 29.17 g for each bottle), and then the completely digested
biogas slurry (TS = 5%) was added for dilution (the total
proportion of mixed fermentation broth components being
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Figure 1: Anaerobic fermentation of fresh cow dung (FCD).

equal to 2/3), with the total mass of reactants being equal to
350 g. Each test was repeated twice.

2.2.3. Analytical Methods. The content of total solids (TS)
and volatile solids (VS) was determined by the standard
APHA methods [26]. Lignin, hemicellulose, and cellulose
were determined according to the procedure ofVan Soest [27]
using a semiautomatic fiber analyzer (ANKOM 200i, Beijing
ANKOM Science and Technology Ltd.), with differentiation
of neutral detergent fibers (NDF) and acid detergent fibers
(ADF). The system of biogas potential testing (AMPTS II
bioprocess, Sweden) was used for the determination of biogas
yield and production.The X-ray diffractionmethod was used
for the determination of crystallinity (XRD-7000S by Shi-
madzu Corporation).The ultrahigh resolution field emission
scanning electron microscopy (FE-SEM, Nova NanoSEM
450, FEI) was applied to microstructural analysis before and
after the fermentation.

3. Results and Discussion

3.1. Biogas Generation Characteristics. Biogas production
rates and accumulated biogas yields for various test groups
of mixed corn stalk and cow dung fermentation filtrate are
depicted in Figure 2. As is shown in Figure 2(a), the initial gas
accumulation in the decreasing order is exhibited by groups
#1, #5, #2, #4, and #3. However, for the total fermentation
period of 60 days, the maximum gas yield of 6484.6ml was
observed in group #1 and the lowest one (4583.1ml) in group
#3, which corresponded to 29.3%-difference between these
groups. The respective values for the remaining three test
groupswere nearly identical: 5890.8ml in group #2, 5829.8ml
in group #4, and 5974.2ml in group #5.

The respective daily biogas production results are
depicted in Figure 2(b), where obvious differences in the
five groups can be observed. Each of the five groups has
two peaks, while the peak values and positions are different.
According to the variation curves of the daily biogas
production in each group, longer periods of preliminary

anaerobic fermentation of FCD resulted in the earlier
appearance of the first peak. Thus, test group #4 had the
earliest peak corresponding to day 8, while others were
arranged as follows: test group #5 (day 9), test group #3
(day 9), test group #2 (day 18), and test group #1 (day 22).
The highest value of the first peak, namely, 524.3ml/d, was
observed in test group #4, the remaining ones being equal to
506.5ml (test group #5), 264.7ml/d (test group #3), 378ml/d
(test group #2), and 330.3ml/d (test group #1), respectively.

The anaerobic fermentation cycle is conventionally sub-
divided into three phases, namely, start-up phase, stable gas
production phase, and decline stage. The start-up phase is
critical for ensuring a rapid transfer to the stable gas pro-
duction stage. Its optimization can shorten the fermentation
cycle, thus improving the process-cost and labor-efficiency
and saving the material resources [28]. Apparently, the start-
up time in different groups significantly differs. Test group
#1, which corresponds to codigestion of FCD and corn straw,
has the longest time of 18 days. The reason is that there are
few anaerobic microorganisms in the FCD, which cause the
acidification and hinder the fermentation process after FCD
is mixed with corn stalks. At this point, it is essential to
monitor the pH value of fermentation reactor, to add the
buffer or weak alkaline solution after the pH value decline,
in order to provide the neutral pH value, which is more
suitable for fermentation. In other groups, there exist some
microorganisms in the fermentation broth, which came from
the anaerobic-digested cow dung and have a self-adjustment
ability of abating the acidification. As seen in Figure 2(b), the
other test groups have significantly shorter start-up phase,
as compared to that of test group #1. The start-up times of
test groups #2 and #3 were ten and six days, respectively. Test
groups #4 and #5 exhibited the shortest fermentation start-
up time of four days, which was 14 days less than that of
test group #1 and implied a strong reduction of the anaerobic
fermentation cycle. It is expedient to introduce the notion of
effective volume loading rate (EVLR) via the formula

EVLR = Daily biogas production
Fermentation reactor volume

. (1)

Since Figure 2(b) shows that the gas production rate was
about 30ml/d, while the fermentation reactor volume was
400mL, the respective EVLR amounted to approx. 0.075,
where value was too low for the industrial implementation.
If the fermentation cycle is readjusted based on the EVLR =
0.1, the fermentation cycles for the five test groups will be 53,
42, 45, 37, and 35 days, respectively.This implies the reduction
of the 60-day cycle by 7, 18, 15, 23, and 25 days, respectively,
where test groups #4 and #5 have the shortest fermentation
cycle. For the new fermentation cycle, the total volume of
gas production accounted for 95.71, 90.27, 93.44, 93.03, and
92.75% of groups (#1 to #5), as compared to those in the
original cycle, so that the biogas production level of 90% was
exceeded in all five groups. This preliminary results provide
a reference for the further refinement of the appropriate
anaerobic fermentation cycle.

3.2. Organics Degradation. The degradation rate of organic
matter is significant for studying the material transformation
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Figure 2: The biogas production of codigestion: accumulative biogas yield (a) and biogas production rate (b).
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Figure 3: Content variation of TS and VS before and after anaerobic fermentation: (a) TS; (b) VS.

during fermentation, and it can reflect the anaerobic diges-
tion efficiency of fermentation experiments [29]. Figure 3
shows the total solids (TS) and volatile solids (VS) content
variation before and after anaerobic fermentation: the above
values are nearly identical in all test groups before anaerobic
fermentation but exhibit large differences after fermentation,
which reflects their different digestion abilities. Figure 3(a)
depicts the change of TS before and after fermentation. The
TS values before the fermentation were 14.6, 15.11, 12.91, 13.44,
and 13.51% for test groups #1 to #5, respectively. Here the
TS value of group #2 is the highest, and that of test group
#3 is the lowest, while the difference in groups #4 and #5
is quite small. The TS values after fermentation were 10.05,

9.76, 7.48, 8.27, and 7.93%, respectively, whereas test groups
#1 and #3 had the highest and lowest values, respectively.
According to the TS content variation during fermentation,
the degradation of TS in the five test groups was 31.16, 35.41,
42.07, 38.47, and 30.57%, which implies that the degradation
increased first and then decreased, test group #3 test (adding
corn stalks after 15 days of FCD anaerobic fermentation) has
the highest degradation rate of TS, and test group #5 (adding
corn stalks after 31 days of anaerobic fermentation of FCD)
was the lowest, that is, by 27.34% lower than that of test group
#3.

Figure 3(b) depicts the VS variation in test groups before
and after fermentation. The VS values of the mixed raw
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Figure 4: Lignocellulose content variation before and after anaerobic fermentation: (a) cellulose, (b) hemicellulose, and (c) lignin.

materials before fermentation were 79.55, 77.41, 84.7, 78.87,
and 79.62%, for the five groups, respectively. The VS content
variation of groups is very small, but test group #3 has
the highest VS. After fermentation, the VS values in the
five groups were 44.76, 52.60, 52.16, 50.96, and 52.58%,
respectively. The VS content in test group #1 was the lowest,
and nearly identical values were observed in the remaining
four groups. According to the VS contents before and after
fermentation, the VS removal rates of five groups were 43.73,
32.05, 26.62, 22.71, and 21.4%, respectively. Test group #1 had
the highest removal rate, and test group #5 had the lowest one.

Corn straw contains large amounts of lignocellulose,
which is composed mainly of cellulose, hemicellulose, and
lignin, which are refractory components in straw. Destroying
corn straw structure means the disintegration of cell material
and the production of humus, while the speed of degradation

directly reflects the hydrolysis rate of anaerobic fermentation,
which is the most important variation of physical properties
in the biological fermentation process.

The contents of lignocellulose before and after anaerobic
fermentation are shown in Figure 4. It can be seen from
Figure 4(a) that the cellulose content before the fermentation
increased gradually with group number: 19.44, 19.73, 20.89,
22.84, and 23.04%, respectively. For the same content of
corn straw, the cellulose content variation during cow dung
fermentation has affected the total fiber content. Since the
same quantities of cow dung broth were added, the longer
fermentation time implied the less dry matter. Therefore,
the greater the proportion of straw, the higher the cellulose
content. After anaerobic fermentation for 60 days, cellulose
content in the five groups reduced by different degrees, which
were 10.36, 8.30, 9.71, 8.52, and 8.72%, respectively. Thus,
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the cellulose content after fermentation was the lowest in
test group #2 and the highest in group #1, which implies
the cellulose degradation rate of 46.71, 57.93, 53.52, 62.70,
and 62.15%, respectively. Since the highest and lowest cel-
lulose degradation rates are observed in groups #4 and #1,
respectively, this strongly suggests that cellulose degradation
effect of mixed corn straw-cow dung fermentation is the
most pronounced when straw is added with 23 days of FCD
fermentation, while simultaneous anaerobic fermentation of
mixed FCD and corn straw is not beneficial for the cellulose
degradation.

Figure 4(b) illustrates the hemicellulose content variation
before and after fermentation, where five test groups exhibit
similar values before (17.27, 17.56, 18.68, 18.13, and 18.0%) and
after anaerobic fermentation (8.55, 10.23, 10.86, 10.17, and
11.90%), respectively. Here test group #1 had the lowest values,
and the fifth one had the highest ones. The degradation rates
of hemicellulose were 50.49, 41.90, 41.86, 43.91, and 34.22%,
respectively, so that the respective parameters of test group #1
(the highest ones) exceeded those of test group #5 (the lowest
ones) by 47.55%.

Figure 4(c) depicts the lignin content variation in five
groups before and after fermentation. Lignin degradation
is extremely hard to achieve in anaerobic fermentation [30,
31]. Lignin content before fermentation was 8.65, 8.95, 8.42,
9.36, and 10.15%, respectively, so that its content in group
#5 was the highest. After anaerobic fermentation, the lignin
content in five groups was 8.11, 10.52, 12.06, 9.98, and 12.76%,
respectively. Once again, the content of lignin in test group
#5 was the highest and exceeded that of group #1 (the lowest
value) by 57.34%. More detailed analysis of the lignin content
variation in five groups before and after the fermentation
shows that after fermentation it decreased in test group #1 by
0.54% but increased in the other four groups by 0.57, 3.64,
0.62, and 2.61%, respectively. As compared to the original
lignin content before fermentation, the respective variation
rates were as follows: −6.21% for group #1; 6.36% for group
#2; 43.23% for group #3; 6.62% for group #4; and 25.71%
for group #5. Thus, the lignin variation rate in test group #3
was the maximum and its lignin content exhibited the largest
increase, while that of test group #1 showed the negative
increase.

3.3. Scanning Electron Microscopy Analysis. In the process
of anaerobic fermentation, the microstructure of corn stalk
particles is changed by the action of microorganisms, and
damage accumulation and densification of defects can be
observed on their surface. The surface morphology of par-
ticulate matter reflects the action of particulate matters,
microorganisms, and enzymes in the anaerobic fermentation
system, eventually, affecting the degradation of organic mat-
ters, which constitute corn stalk particles [32, 33].

Figure 5 depicts electron scanning micrographs of the
ferment materials, after anaerobic codigestion, where the
low-magnification (×1000 or 100 𝜇m) ones are shown on the
left side and the high-magnification ones (×5000 or 20 𝜇m)
on the right side.

Figure 5(a) depicts the electron scanning micrograph of
corn stalk after pulverization. The integral structure of the

stalk is yet intact and dense, the surface is smooth, and the
density is high. Figure 5(b) presents SEM images of corn
stalks mixed with fresh cow dung (FCD). The structure is
intact, its surface is more coarse compared with pure stalk,
and some streaks are observed, but the density is still high.
Thus, both stalks have integral structure, which is not prone
to the digestion and degradation for microorganisms, which
implies low rate and long-term period of anaerobic digestion
and stalk degradation.

Figures 5(c)–5(g) are the electron scanning micrographs
of corn stalks mixed with cow dung after fermentation. In
100 𝜇m electron micrographs, the structure of stalks after
fermentation, as compared to those before fermentation, is
severely damaged and broken up in different degrees, and
many ravines appear on their surfaces. In 20𝜇m electron
micrographs, the surfaces of stalks after fermentation look
wrinkled, coarse, and uneven. In Figure 5(d), a crevice
appears on the straw surface; in Figure 5(e), the surface is
partially lifted and slightly cracked; in Figure 5(f), the surface
is sunken in and covered by deep crevices; in Figure 5(g),
the surface is full of cracks; in Figure 5(h), the surface
exhibits cotton-like irregularity and deep cracks. In general,
the degradation degree of stalks fermented by the microor-
ganisms is vividly reflected by the electron micrographs. The
rougher the surface, the more obvious the crack and the
less the density. After analyzing and comparing the scanning
electron micrographs of five test groups, the surfaces of
stalks in the first three groups (#1 to #3) are found to
have more crevices but possess less damaged structures. In
the remaining two groups of electron micrographs (#4 and
#5), the surface damage was more intense, the degree of
biodegradation was more apparent, and fracture of the stalk
integral structure was deeper. The results show that in these
two groups (#4 and #5) the degradation of cellulose and
hemicellulose was more pronounced than that of the first
three groups (#1 to #3).

3.4. Crystallinity Analysis. In the anaerobic digestion,
because of changes in the degree of interbonding of particles,
the change of crystallization degree of cellulosic material,
and clean size launch tube, the interior of the particle
crystallinity is reduced, while the specific surface area of
straws is increased, raising their exposure to microorganisms
and their secondary metabolites. Each crystalline substance
has a specific crystal structure type, while each unit cell can
be represented in terms of its lattice parameters. The X-ray
diffraction method is used to determine the crystal structure
type of particles, for example, as in the recent study of Zheng
et al. [28].

Figure 6(a) presents the XRD diagrams of corn straw
and cow dung before and after fermentation. Evident X-ray
diffraction peaks are observed at diffraction angles of about
22∘, 24∘, and 27∘. The above three positions correspond to
the diffraction intensity peaks of fiber ⟨002⟩ crystal surface
(C
12
H
22
O
11
), crystalline silica (SiO

2
), and calcium carbon-

ate (CaCO
3
), respectively. Silicate substances and calcium

carbonate substances are the essential components of straw
cell wall strength, while the composition of cellulose and cell
wall changes during the fermentation process. The curves in
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Figure 5: Scanning electron micrographs: magnification of ×1000 (left part) and ×5000 (right part). (a) Pure corn stalk; (b) corn stalk with
FCD; (c) test group #1; (d) test group #2; (e) test group #3; (f) test group #4; (g) test group #5.

XRD diagram of corn straw (the upper plot in Figure 6(a))
fluctuate slowly; crests/peaks are not obvious, while burr-
type fluctuations are more numerous due to more organic
species in corn straw, and there ismore interference.The peak
appears at about 22∘, which corresponds to the diffraction

peak of cellulose, while those of silica and calcium carbonate
salts are not obvious. In the XRD diagram of cow dung, the
crest is obvious, while the burr features are less pronounced,
as compared to the corn straw diagram. This may be due
to less organic matter and fewer influence factors. The peak
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Figure 6: XRD diagram: (a) corn stalk and cow dung and (b) mixed material in five test groups after codigestion.

intensity of cellulose diffraction decreases at 22∘; the peaks are
obvious, and the highest one corresponds to that of calcium
carbonate.

The XRD diagrams of the five test groups are presented
in Figure 6(b). The comparative analysis of graphs in Figures
6(a) and 6(b) reveals that, in the latter ones, the burrs are
significantly reduced, the wave lines are relatively smooth,
and the peaks are more salient, as compared to the former
ones. In all five curves of Figure 6(b), the crest is most
pronounced near the diffraction angle of 27∘, which cor-
responds to the diffraction peak position of calcium salts.
However, cellulose and silica salts diffraction peaks are much
less obvious. Itmeans that the intensity of cellulose diffraction
peak decreased significantly, as compared to that of raw
materials, while the intensity of the calcium carbonate salts
was strongly enhanced. This enhancement can be attributed
to the fact that the anaerobic fermentation process consumes
a lot of organic matter, thus reducing the relative content of
the organic material and increasing the relative content of
calcium carbonate and silica salts.

The notion of crystallinity is used to express the propor-
tion of crystalline regions in the fiber: the higher the crys-
tallinity, the larger the crystalline area [34]. The crystallinity
of raw and cofermented materials can be assessed via the
following formula:

Cr = ((𝐼002 − 𝐼𝑎𝑚)𝐼
002

) × 100%, (2)

where Cr is the percentage of relative crystallinity, 𝐼
002

is the
maximum intensity of the ⟨002⟩ lattice diffraction angle (the
diffraction intensity of the crystalline region), and 𝐼

𝑎𝑚
is the

scattering intensity of noncrystalline background diffraction
with the diffraction angle 2𝜃 = 18∘ [35].

The crystallinity indices of pure corn stalk and FCD
were 0.515 and 0.429, respectively, while those of mixed
cofermented materials in the five test groups were 0.469,
0.473, 0.357, 0.396, and 0.314, respectively, in which the
crystallinity of corn stalk is highest. The crystallinity of the
biogas solution after anaerobic fermentationwas significantly
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lower than that of corn stalks by 8.93, 8.16, 30.68, 23.11, and
39.03% for the five test groups, respectively. It is noteworthy
that group #5 exhibited the lowest crystallinity of the biogas
solution. This strongly indicates that the codigestion can
efficiently reduce the crystallinity of cellulose and destroy the
crystallization structure, whose effect is themost pronounced
in test group #5.

4. Conclusions

This study has demonstrated that themesophilic (i.e., affected
by microorganisms growing in moderate temperature range
between 25 and 40∘C) codigestion of corn stalk mixed with
cow dung can improve the biogas production, enhance the
degradation efficiency of organic matter, and reduce the
anaerobic fermentation cycle. The highest biogas production
rate of 524.3ml/d was observed on day 8 in test group #4 (the
codigestion of cow dung after 23 days of anaerobic digestion
with corn stalk). Test groups #4 and #5 exhibited better TS
and VS removal rates, destroying effect of straw structure
fracture, and crystallinity reduction rates.
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In order to utilize solar energy to meet the heating demands of a rural residential building during the winter in the northwestern
region of China, a hybrid heating system combining solar energy and coal was built. Multiple experiments to monitor its
performance were conducted during the winter in 2014 and 2015. In this paper, we analyze the efficiency of the energy utilization of
the system and describe a prototype model to determine the thermal efficiency of the coal stove in use. Multiple linear regression
was adopted to present the dual function of multiple factors on the daily heat-collecting capacity of the solar water heater; the heat-
loss coefficient of the storage tank was detected as well. The prototype model shows that the average thermal efficiency of the stove
is 38%, which means that the energy input for the building is divided between the coal and solar energy, 39.5% and 60.5% energy,
respectively. Additionally, the allocation of the radiation of solar energy projecting into the collecting area of the solar water heater
was obtained which showed 49% loss with optics and 23% with the dissipation of heat, with only 28% being utilized effectively.

1. Introduction

In rural areas of northern China, the energy consumption for
heating buildings has reached 1 × 109 tce, which occupies a
large portion of the 56% of the total energy consumption,
of which coal comprises 74% [1]. It is expected that, with
the development of the economy in rural areas and the
improvement of the living standards of farmers, the energy
consumption will increase tremendously in the future, which
is detrimental to the sustainable development of a society as a
whole.The utilization of the local renewable energy resources
that are replacing fossil-fuel energy to meet the heating
demands of buildings is becoming an effective method of
solving this problem. Therefore, solar energy has long been
one of themost abundant alternative resources arousing wide
public interest.

1.1. Literature Review. It is widely known that there are two
major types of solar heating technology, namely, passive
and active. Passive solar energy technology is the earliest
pattern for heating buildings by the utilization of solar energy,
which uses building orientation, glass windows, and other
building materials for collecting, storing, and utilizing solar
energy to achieve indoor thermal comfort [2, 3]. In 1977,
the first passive solar house in China was constructed in
Minqin County, Gansu Province. A large number of studies
have been performed on the performance improvements of
this technology. Barea et al. [4] investigated and calculated
the thermal performance of a specific orientation of mul-
tiazimuthal windows. They concluded that multiazimuthal
windows with an angle of 45∘ in the side panels reach a
multiazimuthal/flat solar gain factor (M/FSGF) daily average
value of 1.20, which means 20% more solar gain than the
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daily average solar gain of a flat window. In addition, a
window with an angle of 90∘ in the side panels is the best
for temperate climates, with daily average solar gains 27%
greater than those of flat windows. Tiwari and Sahota [5]
presented a review on the energy and economic efficiencies
of passive and active solar distillation systems, highlighted by
experimental and theoretical detailed work performed in the
recent past on passive and active solar technology. Jie et al. [6]
studied the indoor temperature of a fenestrated room with
PV-Trombe walls. Rempel et al. [7] found that over half of
all the energy input into each sunspace originated as diffuse
solar radiation. Nguyen andReiter [8] examined the potential
of improving thermal comfort under the climatic conditions
of Vietnam resulting from a passive strategy by using a
newly developed climate analysis tool. Wang et al. [9] found
that a passive solar house equipped with a water thermal
storage wall reduced yearly energy consumption by 8.6%. In
addition, many recent studies have focused on the phase-
change materials integrated in passive solar houses [10–12].
Mazarrón et al. [13] studied the design, installation, and
evaluation of a solar water heating system with an evacuated
tube collector and active circulation. The results showed that
the energy collected can be increased sharply by improving
the collector characteristic and reducing the pipes losses.The
kang is a primary heating method in rural areas of northwest
China. According to the characteristics of a traditional fire-
based kang, Jiang et al. [14] presented a theoretical study
of a solar-based kang system, the results of which are in
accordance with experiment. Bellos et al. [15] suggested an
innovative Trombe wall as a passive heating system for a
building.

The solar-assisted heat pump is another important active
solar heating technology that has attracted much atten-
tion. Han et al. [16] proposed a multisource hybrid heat
pump system (MSHHPS) with seasonal thermal storage. The
composition, operation modes, mathematical model, and
transition conditions of the different operating modes of
the system were determined. Ma et al. [17] presented an
evaluation of the performance of a solar-groundwater heat
pump (SGHP) unit associated with radiant floor heating.The
results show that the new system has an energy-saving rate
of 30.55% compared to a conventional central heating system
(CCHS). The floor heating systems can have an energy-
saving rate of 18.96% compared to a traditional radiator. Deng
and Yu [18] investigated a combined solar/air, dual-source,
heat pump water-heater system for domestic water heating
applications.The simulation results show themodified direct-
expansion solar-assisted heat pump water heaters (M-DX-
SHPWHs) system exhibits better performance than that of
a conventional direct-expansion solar-assisted heat pump
water heaters (DX-SHPWH) system. At a low solar radiation
rate of 100W/m2, theM-DX-SHPWHheating time decreases
by 19.8% compared to the DX-SHPWH when the water
temperature reaches 55∘C. Meanwhile, the COP, on average,
increases by 14.1%. Ni et al. [19] projected a phase-change-
material- (PCM-) based, solar-assisted air-source heat pump
(PCM-SAHP) system consisting of an air-source heat pump
(ASHP), a PCM unit, and a solar thermal collector. The

experimental findings indicate that in the cooling mode the
ambient temperature still has a significant effect on the oper-
ating performance of the system. In contrast, it was found
that the effect of the chilling water flow rate (throughout the
PCM unit) on the system performance is relatively subtle.
Fraga et al. [20] addressed the analysis of the potential of
a combined solar thermal and heat pump (HP) system on
new and existing multifamily buildings in which a numerical
simulation as a complement to a monitored study case was
proposed. Chen et al. [21] experimentally and theoretically
investigated a solar combination system consisting of a solar
collector and a CO2 heat pump. The simulated results show
that the optimized system can save 14.2% of electricity and
improve the solar fraction by 8%,with the solar fraction of the
optimized system capable of reaching 71.1%. Kong et al. [22]
described a direct-expansion solar-assisted heat pump (DX-
SAHP) system that uses R410A as a refrigerant, which can
supply domestic hot water over the entire year, and provided
a numerical model to estimate the thermal performance of
the system.

There have also been many studies related to innovative
solar heating systems. Chen et al. [23, 24] designed a nearly
net-zero annual energy consumption house in Eastman,
Quebec, Canada, utilizing building-integrated thermal mass
both in passive and in active forms, and the annual space
heating energy consumption of the house was approximately
5% of the national average. A new type of radiant end system
with even lower supplying temperature for a solar or solar-
assisted space heating system was proposed in Ren et al. [25],
and the simulation results showed that the new end system
had good prospects for the effective use of local renewable
resources. Esen and Yuksel [26] conducted an experimental
study to investigate greenhouse heating by biogas, solar, and
ground energy in Elazig. Yu et al. [27] proposed a hybrid solar
air heating system for building space heating, which included
passive and active dual-function solar collectors. Detailed
measurements of the auxiliary energy consumption for space
heating and domestic hot water preparation in two detached
passive houses heated by a solar water heating system and an
air-to-water heat pump were reported in [28].

Economic analysis has been performed for solar heating
systems as well. Ziemele et al. [29] examined the transition
from a conventional district heating (DH) system to a fourth-
generation DH (4GDH) system using system dynamics
modeling and economic feasibility analysis. The results show
how the price of a fossil-fuel influences the share of heat
energy production and the balance point between investment
at the source and on the heat consumer side. Milani et al.
[30] addressed the proposition of the hybridization concept
and the simulation of benchmark power plants for a suitable
Brazilian site (high direct normal irradiation and low-cost
biomass availability). Sonthikun et al. [31] designed and
constructed a solar-biomass hybrid for natural rubber sheet
drying. The solar-biomass hybrid dryer was tested for drying
of 100 natural rubber sheets, and the moisture content of the
rubber sheets was reduced from 34.26% to 0.34% (dB) in only
48 h. Mehdaoui et al. [32] presented a parametric study with
the help of the TRNSYS program to optimize solar heating
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Figure 1: Floor plan of the building (mm).

prototype design parameters, and the program was validated
by experiment.

Recently, numerous rural buildings are being built in
northwest China; however, the majority of them lack solar
heating technology since they are located in areas where
coal is still the primary heating resource. Although many
renewable systems have appeared, few studies have focused
on rural residential buildings in cold regions of northwest
China.Those buildings have unique characteristics: scattered
distribution and weak energy-conservation performance
dominate; however, sufficient space exists for installation of
solar energy utilization devices, and it is easy to utilize local
biomass energy resources.

2. Description of the Rural Household
Building and the Complementary
Heating System

A complementary heating system combining solar energy
and coal for a rural household building has been estab-
lished in a new socialist countryside called Zhangma, Min-
qin County, Gansu Province (latitude 38∘34N, longitude
103∘3E). Neither the solar energy utilization device nor the
coal stove in the system is highly sophisticated, but they
are the easiest to operate and most economical model in
practice for the heating of rural household buildings. The
experiment on the performance of the system was carried

out from December 10, 2014, to March 30, 2015. The aim of
the present work was to analyze the efficiency of the energy
utilization of the system and to reveal the combined effects of
multiple factors on solar energy utilization.

2.1. Rural Household Energy-Saving Residential Building. Fig-
ure 1 shows the floor plan of the rural household building
under study; the building area is approximately 117m2. The
heights of the external walls, the double-glazed windows,
and the outer door measurements are 3.3, 1.4, and 3.0m,
respectively. The external wall is constructed of perforated
bricks with a thickness of 0.37m, and the roof is constructed
of reinforced concrete with a thickness of 0.15m. Later,
approximately 0.07m of slag was laid on the roof, as an
insulating material. In addition, to decrease the heating
loading of the building in winter, extruded polystyrene board
(XPS) insulating panels with a thickness of 0.06m were
attached to the outside surface of the external wall, except for
the left-side external wall, which is shared with a neighboring
structure.

2.2. Complementary Heating System. The building’s previous
heating system was a natural circulation heating system
that consisted of a coal stove installed in the kitchen and
radiators fixed in other rooms, but not in the hall. Six solar
water heaters were added in the new complementary heating
system; the existing coal stove and solar water heaters are
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Figure 2: The complementary heating system.

shown in Figure 2. Each solar water heater has a 3.85m2
collector area (40 all-glass vacuum tubes measuring 0.058m
in diameter and 1.8m in length) and a 400 L storage tank.
The inclination angles of the solar water heaters are all 45∘,
which is suitable for the optimal inclination angle in local
areas.However, the orientation, which is approximately south
by west 40∘, is not ideal due to the orientation and layout of
the building.There are three lines of solar water heaters on the
roof of the building, each line consisting of two solar water
heaters. After the six solar water heaters were connected in
series, they were connected with the coal stove in parallel.
A circulation pump was installed in the branch pipe of the
series-wound solar water heaters. If the temperature of the
water in the storage tank of the solar water heaters is suitable,
the circulation pumpwill deliver the hotwater to the radiators
to heat the house; the circulation pump will shut down when
the temperature of the water is too low to heat the house.The
heating system operates like the previous model, with gravity
circulation forced by the coal stove.

3. Experimental Methods

To analyze the efficiency of the energy utilization of the sys-
tem, both the input and output energy must be measured or
calculated (Using the prototype model, the average thermal
efficiency of the furnace is obtained. Based on the measured
coal quality, the amount of heat absorbed by the solar energy
and released into the room.The energy input to the building is
calculated based on the inputs coal and the solar energy.).The
intensity of the surface facing south, with an inclined angle of
45∘ and which receives the maximum solar energy in winter,
was measured by a pyranometer. The weight of coal con-
sumed by the stovewas alsoweighed by a platformof the solar
radiation on balance every day, and the caloric value of the
coal was calculated in the laboratory at LanzhouUniversity of
Technology. The inlet/outlet temperature and the circulation
flow rate of the hot water were measured to calculate the

energy outputs supplied by the solar water heaters. Moreover,
the ambient temperature, the temperature in the five indoor
rooms (except the hall), and the temperature of the hot
water in one of the storage tanks in the middle line were
measured. A solar water heater, used to heat the digester, was
employed as a reference that faced south and was not shaded
in order to study the influence of the orientation and shade
effects on thermal performance.The inlet/outlet temperature,
circulation flow rate, and water temperature in the storage
tank of the reference solar water heater were also measured.
All the measurements were recorded automatically by a data
acquisition system (Agilent 349702, Agilent Technologies,
USA) every 10 s. The detailed parameters of the measuring
instruments used in this study are shown in Table 1.

The energy output supplied by the coal stove was difficult
to measure directly, so a prototype model for calculating the
thermal performance of the coal stove was set up; it will be
described in detail in Section 4.1.

4. Results and Discussion

4.1. Prototype Model for Calculating the Thermal Efficiency
of the Coal Stove. There are several studies that refer to
the efficiency of traditional natural circulation coal stoves.
Jiang [1] obtained a value of 32% in a field experiment. The
results of Yang et al. [33] showed an efficiency of 30–40%.
In general, there are two main methods of calculating the
thermal efficiency of a coal-fired boiler and stove, namely, the
direct balance and indirect balance methods. However, both
were unsuitable for this study because the stove was installed
in the kitchen. The heat released from the stove’s surface
cannot be measured directly even though it contributed to
space heating. Therefore, a prototype model for calculating
the thermal efficiency of the coal-fired stove in this system
was proposed.

Chinese National Standard JGJ 132-2001, entitled “Stan-
dard for Energy Efficiency Inspection of Heating Residential
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Table 1: The detailed parameters of instruments.

Measured parameters Measuring instruments Range Precision
Temperature Pt-100 temperature sensor −50∼100∘C ±0.1∘C
Flow rate for building LWGY-20 turbine flowmeter 0.7∼7.0m3/h ±0.45%
Flow rate for digester LWGY-15 turbine flowmeter 0.4∼4.0m3/h ±0.45%
Solar radiation TBQ-2 pyranometer 0∼2000W/m2 ±2%
Coals weight Platform balance - ±0.2 kg

Buildings” [34], provided amethod ofmeasuring the heat loss
of a building, which is expressed by

𝑞ℎ𝑚 = 𝑄ℎ𝑚𝐴0 ⋅
𝑡𝑖 − 𝑡𝑒𝑡𝑖𝑎 − 𝑡𝑒𝑎 ⋅

278
𝐻𝑟 + (

𝑡𝑖 − 𝑡𝑒𝑡𝑖𝑎 − 𝑡𝑒𝑎 − 1) ⋅ 𝑞IH, (1)

where 𝑞ℎ𝑚 is the heat loss of a building, in W/m2; 𝑄ℎ𝑚 is the
total heat entering the building during the experiment, inMJ;𝐴0 is the heating area of the building, 103m2 (except for the
hall); 𝑞IH is the internal heat liberation rate of the building,
3.8W/m2 [35]; 𝑡𝑖 is the designed indoor temperature, 14∘C,
which is selected according to [36]; 𝑡𝑒 is the designed outdoor
temperature, −2.6∘C [35]; 𝑡𝑖𝑎 is the average indoor tempera-
ture during the experiment, in ∘C; 𝑡𝑒𝑎 is the average outdoor
temperature during the experiment, in ∘C; and 𝐻𝑟 is the
experiment duration, in h (the duration of the experiment,
278, is the conversion factor).

From (1), the calculation for a given building in given
region requires all the parameters, which can be calculated
by experiment in this study under the condition that the solar
water heaters work alone, as follows:

𝑄ℎ𝑚,𝑠 = ∑𝑐𝑚 (𝑇in − 𝑇out) 𝑡, (2)

where 𝑐 is the specific heat capacity of water, 4200 J/(kg⋅∘C),𝑚 is the circulation flow rate for building heating, in kg/s; 𝑇in
is the inlet temperature, in ∘C; 𝑇out is the outlet temperature,
in ∘C; and 𝑡 is the time interval of each scan by the Agilent
349702 (the scanning interval is 10 s).

When the coal-fired stove is used for heating only, 𝑄ℎ𝑚
marked by 𝑄ℎ𝑚,𝑐 can then be calculated using (3), which is
transformed from (1). The thermal performance of the coal-
fired stove can therefore be obtained:

𝑄ℎ𝑚,𝑐 = (𝑞ℎ𝑚 − ( 𝑡𝑖 − 𝑡𝑒𝑡𝑖𝑎 − 𝑡𝑒𝑎 − 1) ⋅ 𝑞IH) ⋅ 𝐴0 ⋅
𝑡𝑖𝑎 − 𝑡𝑒𝑎𝑡𝑖 − 𝑡𝑒

⋅ 𝐻𝑟278 .
(3)

In practice, there are three heating models, namely, (1)
using the coal-fired stove as the unique heating source on
cloudy days; (2) using the solar water heaters and coal stove
together for space heating when it is sunny, but the solar
radiation is not sufficient; and (3)using the solarwater heaters
to supply the total heating energy when the solar energy is
sufficient. For model 2, the coal-fired stove is used in the
morning and during the time after the solar heating finishes
at night. In the daytime, neither the coal stove nor solar water
heaters work when the residents leave their home. The solar

water heaters begin to provide heat at night according to the
practical situation. In order to reduce the impact of the indoor
temperature when the sunlight enters the building from the
window, five durations are selected frommodel 2 as shown in
Table 2. During the five durations, when the circulating pump
starts to work, no sunlight enters the building. Similarly, all
seven durations in model 1 are adopted in (3). The detailed
durations and results are shown in Table 2. It can be seen
in Table 2 that the 𝑞ℎ𝑚 calculations are within the range
32.3–44.0W/m2; the corresponding 𝑄ℎ𝑚 range for 1 kg of
coal is 5.5-MJ/kg. Some factors may lead to errors. First,
ChineseNational Standard JGJ 132-2001 [34] requires that the
duration for an experiment be no less than 168 h; however,
the duration in this study cannot satisfy the requirements due
to conditionality. Second, it is very difficult to measure the
indoor temperature exactly [34]. In addition, the internal heat
gain and the ventilation rate were different from the design
values. Other possible issues include the passive energy gain
and the operating conditions of the coal stove. The stove
cannot work at an optimum performance level when the
room is empty. Therefore, the average value of each result
is selected to be the final result, namely, 38.1W/m2 for 𝑞ℎ𝑚
and 6.4MJ/kg for 𝑄ℎ𝑚. Then, the caloric value of the coal
is 16.7MJ/kg, and the average thermal efficiency is 38%,
which are close to the above-mentioned results. During the
experiment period, the accumulated heat that entered the
building was 11619MJ from solar energy and 7571MJ from
coal, which means that the energy portions are 60.5% and
39.5%, respectively.

4.2. Heat-Collection Capacity of the Solar Water Heater. In
fact, the heat-collection capacity and the efficiency of the solar
water heater are influenced by a series of factors, such as
solar radiation, ambient temperature, collecting temperature,
and orientation.A relational expression for the determination
of the daily heat-collection capacity is provided in Chinese
National Standard GB/T 18708-2002, which is

𝑄𝑠 = 𝑎1𝐻 + 𝑎2 (𝑇𝑏 − 𝑇𝑎) + 𝑎3, (4)

where 𝑄𝑠 is the capacity of the daily heat-collection capacity
of the storage tank, in MJ; 𝐻 represents the daily solar
radiation on the collecting area of solar water heater, in
MJ/m2; 𝑇𝑏 relates to the initial water temperature in the
storage tank, in ∘C; 𝑇𝑎 is the average ambient temperature,
in ∘C; and 𝑎1, 𝑎2, and 𝑎3 are the coefficients that must be
determined by experiment.

The duration for calculating the heat-collection capacity
during the daytime is valid when the solar radiation intensity
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Table 2: Durations and results for 𝑞ℎ𝑚 and 𝑄ℎ𝑚 for per kg mass of coal.

𝑞ℎ𝑚/W/m2 𝑄ℎ𝑚 for per kg mass of coal/MJ/kg
Duration 𝑞ℎ𝑚 𝑞ℎ𝑚,ave Duration 𝑄ℎ𝑚/(kg coal) 𝑄ℎ𝑚,ave/(kg coal)
17:00 pm on 12 to 2:30 am on 13 Dec, 2014 32.3 9 to 11 Dec, 2014 5.2

6.4

17:30 to 24:00 pm on 2nd Jan, 2015 42.1 4 Jan, 2015 5.9
17:00 to 23:00 pm on 5 Jan, 2015 36.1 38.1 6 Jan, 2015 7.2
17:00 to 23:00 pm on 5 Jan, 2015 44.0 17 Jan, 2015 7.5
19:50 pm on 15 to 1:50 am on 16 Feb, 2015 36.1 27 to 28 Jan, 2015 7.1

31 Jan to 3 Feb, 2015 6.5
6 Feb, 2015 5.5

is higher than 120W/m2; moreover, the circulation pumps
may sometimes work in the duration, given that 𝑇𝑏 in this
study refers to the average water temperature during the
daytime.

As mentioned above, a solar water heater at its best
working conditions is employed as a reference, and its
thermal behavior will be realized using the samemethod. For
convenience, a single solar water heater used for heating the
building was designated SI, and the output energy of each
solar water heater is considered to be equal; the reference one
was designated SII.

SI and SII are calculated by the following:

𝑄SI = ∑
𝑡
2

𝑡
1

𝑐𝑚 (𝑇in − 𝑇out) 𝑡
6 + 𝑐𝑀(𝑇𝑡

1

− 𝑇𝑡
2

) ,

𝑄SII =
𝑡
2∑
𝑡
1

𝑐𝑚 (𝑇in − 𝑇out) 𝑡 + 𝑐𝑀(𝑇𝑡
1

− 𝑇𝑡
2

) ,
(5)

where 𝑡1 is the time when the solar radiation intensity is
greater than 120W/m2; 𝑡2 is the time when the solar radiation
intensity is less than 120W/m2; 𝑇𝑡

1

is the water temperature
in the storage tank at 𝑡1; 𝑇𝑡

2

is the water temperature in the
storage tank at 𝑡2; 𝑚 is the circulation flow rate for the
heating digester, in kg/s; and𝑀 is the weight of the water in
a storage tank, 400 kg.

All the related data were dealt with using multiple linear
regression models in Excel. The analytical results are calcu-
lated using (6) and (7) below. Figure 3 shows the relationship
of heat-collection capacity to the daily solar radiation and the
differences in the temperature of the water in and around the
storage tank. From these equations and Figure 3, it is obvious
that not only is the increasing rate of the heat-collection
capacity of SI with daily solar radiation less than that of SII,
but its decreasing rate with increasing temperature difference
is less as well.Moreover,𝑅2 of SI is less than that of SII, mainly
because of the inconsistency of the water temperature in the
six storage tanks caused by the shade between them:

𝑄SI = 2.32𝐻 − 0.30 (𝑡𝑏 − 𝑡𝑎) + 5.75,
𝑅2 = 0.633, (6)

𝑄SII = 3.38𝐻 − 0.34 (𝑡𝑏 − 𝑡𝑎) + 2.94,
𝑅2 = 0.896. (7)
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Figure 3:The relationship of heat-collecting capacity between solar
radiation and temperature difference. 𝑎: 𝑡𝑏 − 𝑡𝑎𝑑 = −10∘C; 𝑏: 𝑡𝑏 − 𝑡𝑎𝑑
= 0∘C; 𝑐 = 𝑡𝑏 − 𝑡𝑎𝑑 = 10∘C; 𝑑 = 𝑡𝑏 − 𝑡𝑎𝑑 = 20∘C; 𝑎, 𝑏, 𝑐, and 𝑑 were for
SI; 𝑎, 𝑏, 𝑐, and 𝑑 were for SII.

4.3. Heat-Loss Coefficient of the Storage Tank. When solar
energy is transformed into thermal energy, a part of it is
transported into the building for space heating, but another
part is lost to the ambient because the water temperature
is always higher than the ambient temperature, so it is
important to know the heat-loss coefficient of the storage
tank. The Chinese National Standard GB/T 18708-2002 also
provides an experimental method for determining the heat-
loss coefficient of a storage tank, as follows:

𝑈𝑠 = 𝑐𝑀Δ𝑡 ln(
𝑇𝑖 − 𝑇𝑎,av𝑇𝑓 − 𝑇𝑎,av) , (8)

where 𝑈𝑠 is the heat-loss coefficient of the storage tank,
in W/K; Δ𝑡 is the time interval of experiment, 28800 s;𝑇𝑖 is the initial water temperature, in ∘C; 𝑇𝑓 is the final
water temperature, in ∘C; and 𝑇𝑎,av is the average ambient
temperature, in ∘C.

The following experimental conditions are required by
Chinese National Stand GB/T 18708-2002: Static Conditions;
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Table 3: The heat loss coefficient of the storage tank.

Duration 𝑈𝑠/W/K 𝑈𝑠,av/W/K
2014-12-21 0:00–8:00 4.17

4.10

2014-12-26 0:00–8:00 4.70
2015-01-30 0:00–8:00 4.38
2015-02-11 0:00–8:00 3.77
2015-02-14 0:00–8:00 3.59
2015-02-15 0:00–8:00 4.01

that is, the uniform temperature field being kept above 50∘C;
natural cooling for 8 h and nine uniform temperature points
to calculate; and an average wind speed of less than 4m/s. Six
durations in all were in accordancewith these conditions, and
the results obtained are shown in Table 3.

The calculated values ranged from 3.59 to 4.70W/K, and
the errormight have resulted from some unmeasured param-
eters, such as the wind speed. The average value of 4.10W/K
is therefore taken as the heat-loss coefficient of the storage
tank. Otherwise, another Chinese National Standard, GB/T
19141-2011 [37], establishes the rule that the average heat-loss
factor (𝑈𝑠𝑙) of domestic solar water heating systems must be
under 16W/(m3⋅K). When transforming the obtained 𝑈𝑠 to𝑈𝑠𝑙 using (7), the value is 10.25W/(m3⋅K), which meets the
requirement of the Chinese National Standard GB/T 19141-
2011:

𝑈𝑠𝑙 = 𝑈𝑠𝑉 , (9)

where 𝑉 is the volume of the storage tank, 0.4m3.

4.4. Allocation of Solar Energy. The energy-conservation
equation for a single solar water heater can be expressed as
follows:

𝑄in = 𝑄𝑢 + 𝑄ℎ,𝑙 + 𝑄ℎ,𝑜 + 𝑄st, (10)

where 𝑄in is the solar energy projected onto the collecting
area of a solar water heater, 𝑄𝑢 the heat energy utilized
effectively, 𝑄ℎ,𝑙 the heat loss, 𝑄ℎ,𝑜 the optical loss, and 𝑄st the
energy stored in the water, which can be neglected for the
duration of the long-time experiment period. The detailed
method of calculating 𝑄in, 𝑄𝑢, and 𝑄ℎ,𝑙 is as follows:

𝑄in = ∑
𝑡
2∑
𝑡
1

𝐼𝐴𝑡, (11)

𝑄𝑢 = ∑𝑐𝑚Δ (𝑇in − 𝑇out) , (12)

𝑄ℎ,𝑙 = ∑𝑈𝑙 (𝑇 − 𝑇𝑎𝑚) 𝑡, (13)

where 𝐼 is the solar radiation intensity, in W/m2, and 𝑇 is the
transient water temperature in the storage tank, in ∘C. Then,𝑄ℎ,𝑜 can be determined as follows:

𝑄ℎ,𝑜 = 𝑄in − 𝑄𝑢 − 𝑄ℎ,𝑙. (14)
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Figure 4: The variations of water temperature, ambient tempera-
ture, and solar radiation intensity of a typical duration.

Using the above equations, the allocation of the solar
energy projected onto the collector area of a solarwater heater
for heating the building during the experiment period was
obtained. Figure 4 shows the variation of the temperature
of the water in the storage tank, the ambient temperature,
and the intensity of the solar radiation for a typical duration,
which started at 𝑡1 on December 14, 2015 and finished at𝑡1 on December 15, 2015. The duration of the sunshine on
December 14 was 7.2 h, and the total solar energy radiation
projected onto the collector area of a solar water heater was
63.1MJ.The water temperature in the storage tank was 33.1∘C
at the beginning and reached its peak point of 52.5∘C at
16:45, when the circulation pump started to work. Later, the
temperature decreased sharply because of the heat energy
not only being transferred into the building, but also being
released into the environment. At 22:15 the rate of change
decreased gradually, when the circulation pump was shut
down and the water temperature was 40∘C. Based on (4), (10),
and (11), the results were 32.6, 12.5, and 17.9MJ, respectively,
for the aforementioned duration.

The total radiation of solar energy projected onto a solar
water heater was 7046MJ, of which 49% is lost to optics
and 23% to heat dissipation, with only 28% being utilized
efficiently. When compared to the reference solar water
heater, the portion of optical loss was only 33% in the same
period, which shows that orientation and shade have the
largest influence on the heat-collection capacity of a solar
water heater.

In our view, there are twomain factors that cause the high
heat loss.Thefirst is the location of the storage tank. Although
the heat-loss coefficient is lower than that required by the
Chinese National Standard, the storage tank always loses heat
to the environment because the water temperature is higher
than the ambient temperature. The second factor causing
the high heat loss is the mismatch between the working
temperature of the radiator and the collecting temperature of
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the solar water heater.Therefore, when the water temperature
is too low to heat the building, the circulation pump will be
shut down, and the heat energy cannot then be utilized, but
only released to the environment.

5. Conclusions and Future
Study Recommendations

The energy utilization efficiency of a complementary heating
system using solar energy and coal for a rural household
building in northwest China was analyzed. The prototype
model shows that the average thermal efficiency of the stove
is 38%, which means that the portion of energy that enters
into the building from solar energy and coal is 60.5% and
39.5%, respectively. A relational expression for the daily heat-
collection capacity of the solar water heaters and the heat-loss
coefficient of the storage tank was obtained. When compared
to the reference solar water heater, it was found that the
orientation of the solar water heaters and the shade between
them have the largest influence on heat-collecting capacity.
Regarding the solar energy projected onto the collecting area
of the solar water heater, 49% was lost to optics and 23% to
heat dissipation, with only 28% being used effectively. The
mismatch between the working temperature of the radiator
and the collecting temperature of the solar water heater and
the location of storage tanks are considered to be the main
factors that led to the high heat loss.

Several items must be considered for a solar heating
system applied to rural household buildings in the future.
It can be seen from the above analysis that the portion
of SI is 16% higher than that of SII, which is caused by
the orientation of the solar water heaters and the shade
between them. Despite the influence from each of not being
distinguished clearly in this research, it is highly recom-
mended to consider a reasonable design of the building
originally, especially regarding the layout of solar collectors,
as well as for employing the passive technique. On the
other hand, the radiant floor heating technology seems to be
common feature of new era. Such advanced techniques can
decrease the collecting temperature of the solar collectors and
improve the collecting efficiency. The work of this paper is
of great significance for the next study of the influence of
multifactor coupling on the heat-collecting performance of
solar collectors. Continuous and stable use of solar energy to
meet the user’s multilevel energy demand, not only for the
improvement of people’s livelihood in northwest China and
the protection of the ecological environment of great value
but also of international renewable energy, has important
academic value and significance.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was funded by the National High Technology
Research andDevelopment Program of China (863 Program)

(2014AA052801), the National Natural Science Foundation
of China (51676094), Major S&T Special Projects of Gansu
Province (1502NKDA007), International S&T Cooperation
Projects of Gansu Province (1604WKCA009), Natural Sci-
ence Foundation of China (no. 51706128), Scientific Research
Program Funded by Shaanxi Provincial Education Depart-
ment (Program no. 17JS018), the Natural Science Foundation
of Gansu Province (1508RJYA097), the National Natural
Science Foundation of China (51166008), and Gansu Con-
struction Science and Technology Project (JK2014-48).

References

[1] Y. Jiang, in Annual Report on China Building Energy Efficiency,
p. 56, China Building Industry Press, Beijing, China, 2012.

[2] M. Crosbie, in The Passive Solar Design and Construction
Handbook, pp. 16–18, Steven Winter Associates, 1997.

[3] E. Mazria, in Passive Solar Energy Book, pp. 8–10, Rodale Press,
1979.

[4] G. Barea, C. Ganem, and A. Esteves, “The multi-azimuthal
window as a passive solar system: a study of heat gain for the
rational use of energy,” Energy and Buildings, vol. 144, pp. 251–
261, 2017.

[5] G. N. Tiwari and L. Sahota, “Review on the energy and
economic efficiencies of passive and active solar distillation
systems,” Desalination, vol. 401, pp. 151–179, 2017.

[6] J. Jie, Y. Hua, P. Gang, and L. Jianping, “Study of PV-Trombe
wall installed in a fenestrated room with heat storage,” Applied
Thermal Engineering, vol. 27, no. 8-9, pp. 1507–1515, 2007.

[7] A. R. Rempel, A. W. Rempel, K. V. Cashman, K. N. Gates, C.
J. Page, and B. Shaw, “Interpretation of passive solar field data
with EnergyPlus models: un-conventional wisdom from four
sunspaces in Eugene, Oregon,” Building and Environment, vol.
60, pp. 158–172, 2013.

[8] A.-T. Nguyen and S. Reiter, “A climate analysis tool for passive
heating and cooling strategies in hot humid climate based on
Typical Meteorological Year data sets,” Energy and Buildings,
vol. 68, Part C, pp. 756–763, 2014.

[9] W.Wang, Z. Tian, andY.Ding, “Investigation on the influencing
factors of energy consumption and thermal comfort for a
passive solar house with water thermal storage wall,” Energy and
Buildings, vol. 64, pp. 218–223, 2013.

[10] N. Soares, J. J. Costa, A. R. Gaspar, and P. Santos, “Review
of passive PCM latent heat thermal energy storage systems
towards buildings’ energy efficiency,” Energy and Buildings, vol.
59, pp. 82–103, 2013.

[11] D. Zhou, C. Y. Zhao, and Y. Tian, “Review on thermal energy
storage with phase change materials (PCMs) in building appli-
cations,” Applied Energy, vol. 92, pp. 593–605, 2012.

[12] M. Safari and F. Torabi, “Improvement of thermal performance
of a solar chimney based on a passive solar heating system with
phase-change materials,” Energy Equipment and Systems, vol. 2,
no. 2, pp. 141–154, 2014.

[13] F. R. Mazarrón, C. J. Porras-Prieto, J. L. Garćıa, and R. M.
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