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Abstract: The first part of the current reported work presents experimental results of brewers’ spent 
grains gasification in a pilot-scale downdraft gasifier. The gasification procedure is assessed through 
various process characteristics such as gas yield, lower heating value, carbon conversion efficiency, 
and cold gas efficiency. Power production was varied from 3.0 to 5.0 kWh during the gasification 
experiments. The produced gas was supplied to an internal combustion engine coupled to a 
synchronous generator to produce electricity. Here, 1.0 kWh of electricity was obtained for about 
1.3 kg of brewers’ spent grains pellets gasified, with an average electrical efficiency of 16.5%. The 
second part of the current reported work is dedicated to the development of a modified 
thermodynamic equilibrium model of the downdraft gasification to assess the potential applications 
of the main Portuguese biomasses through produced gas quality indices. The Portuguese biomasses 
selected are the main representative forest residues (pine, eucalyptus, and cork) and agricultural 
residues (vine prunings and olive bagasse). A conclusion can be drawn that, using air as a gasifying 
agent, the biomass gasification provides a produced gas with enough quality to be used for energy 
production in boilers or turbines. 

Keywords: autothermal gasification; downdraft reactor; thermodynamics; chemical equilibrium; 
carbon boundary point 

 

1. Introduction 

Population and incomes rising will continue to push up the global energy demand, according to 
the International Energy Agency (IEA) [1]. Additionally, the limited availability of energy resources 
calls for new advantageous and creative solutions for safe energy supply. Bioenergy is considered 
one of the key options of the renewable energy field to mitigate greenhouse gas emissions, replace 
fossil fuels, and ensuring a more secure and sustainable energy system [2]. 

Biomass conversion via gasification is an established technique in modern bioenergy systems 
[3]. It is an important process to convert biomass into a combustible gas that can be used in boilers, 
turbines, engines, and even fuel cells. This combustible gas can also be used as a raw material in the 
production of synthetic fuels or chemicals [4,5]. 

Lignocellulosic biomass represents the most available renewable resource on the planet [6]. The 
interest in using lignocellulosic biomass as a renewable resource for bioproducts production is rising, 
especially due to their abundance, low cost, and their production does not compete with the food 
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chain [7]. Among the lignocellulosic biomasses, spent grain [8] has received increased interest in the 
last few years [9–14]. 

Spent gain is the major byproduct of the brewing process that includes spent yeast and spent 
hops [14]. Basically, beer is a yeast fermenting product of the brewer wort obtained from malted 
barley, sometimes combined with other cereals called adjuncts (maize, rice, oats, wheat, etc.), with 
the addition of hops [15]. 

Spent grain is generated in the beer-brewing process, which begins with the production of the 
wort. The wort comprises crushed barley malt mixed with water in a mash tun. The temperature is 
gradually increased to about 78 °C in order to transform the malt starch into fermentable and non-
fermentable sugars. The insoluble undegraded part of the barley malt grain obtained in the mixture 
with the wort at the end of this process is known as spent grain. Spent grain is the most abundant 
brewing byproduct, corresponding to around 85% of total byproducts generated [9]. 

During the brewing process, the wort should be submitted to the boiling stage, with the purpose 
of hop addition and the extraction of its aroma and bitterness compounds [16]. In this step, the wort 
loses part of its high nitrogen content due to the formation of a precipitate called hot trub or spent 
hop. Spent hop is the second solid residue generated in the brewing process, which results principally 
from insoluble coagulation of high molecular weight proteins. Comprising around 2% of the total 
byproducts generated during brewing, spent hop is the lowest byproduct of the brewing process. 
The main use of spent yeast is as animal feed as a source of protein and water-soluble vitamins [17]. 

The fermentation stage is triggered by the addition of yeast to the filtered wort, converting sugar 
to alcohol and carbon dioxide. Before full maturation of the beer, the excess yeast is collected and can 
be re-used in the brewing process as many as six times. After this, it becomes brewer’s spent yeast. 
Comprising around 13% of the total byproducts generated during brewing, spent yeast is the second 
biggest byproduct of the brewing process. Spent yeast is an interesting byproduct since it contains a 
high level of nutrients, and several technologies exist that can transform this byproduct into a 
valuable resource. However, to date, its industrial utilization is very limited because of the fast 
contamination and spoilage of spent yeast as a result of the activity of microorganisms. The bitterness 
of spent hops does not make it a good candidate for use as an animal feed [17]. The main methods of 
disposal are to reuse them as fertilizer or compost [18]. 

From this brief overview of the brewing process, it is possible to verify that the brewer’s spent 
grains (BSG) are the most representative byproduct of the brewing process. The brewing sector in 
Portugal generates around 135,000 tonnes of BSG per year [13], which are mainly used as animal feed. 
Nevertheless, recent developments exposed other possible applications such as the production of 
various value-added bio-products [9–11] and energy generation for the brewing process [11–13]. 

There are numerous methods of exploiting biomass to produce energy and fuels. Among them, 
gasification processes seem to be a good option for small- to large-scale applications since the sub-
stoichiometric conditions in the reactor allows for much lower pollutant emissions than combustion 
processes [19,20]. 

Literature is very scarce on the subject of the thermochemical conversion of BSG through 
pyrolysis and gasification processes. Mahmood et al. [21] used a batch pyrolysis reactor to pyrolyze 
small samples of BSG. A reforming nickel catalyst was added downstream of the reactor for cracking 
and reforming of the pyrolysis products with and without the addition of steam. The obtained results 
indicated that catalytic reforming promotes an increase in CO and H2 contents. The process also 
showed an increase in heating value for the produced gas as the reforming temperature increased. 
Borel et al. [22] performed thermogravimetric studies on the pyrolysis of BSG to evaluate its potential 
for bio-oil production. The results suggest a good potential of BSG for bio-oil production due to their 
high heating value and high volatile matter content. Ulbricha et al. [11] studied the influence of 
temperature and residence time on the hydrothermal carbonization and carbon dioxide gasification 
of brewers' spent grains. The results suggest that prolonged residence times and higher temperature 
decreases energy and mass yields and increases heating values and fixed carbon formation in the 
coal. Carbon dioxide reaction rates of chars after pyrolysis are decreased due to the formation of fixed 
carbon during the hydrothermal carbonization. Activation energies of the carbon dioxide reaction 
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also decrease with higher hydrothermal carbonization reaction rates. Ferreira et al. [13] performed a 
very complete characterization of brewers’ spent grains and subject it to steam gasification in an 
allothermal batch reactor. BSG was characterized through proximate, ultimate, and 
thermogravimetric analysis and a van Krevelen diagram. The results suggest that BSG has similar 
characteristics to common lignocellulosic biomasses. BSG steam gasification was carried out to 
determine the influence of temperature and the steam-to-biomass ratio on the produced gas 
composition. They found that CO and CH4 contents decrease with the steam-to-biomass ratio, while 
H2 and CO2 contents increase. The temperature increase leads to increased CO and H2 contents and 
decreased CH4 and CO2 contents.  

Another possible route of valorization for BSG is downdraft gasification, which is a proven 
technology and a low-cost process with the additional advantage of generating very low tar levels 
[19]. The produced gas can be subjected to cogeneration, for which BSG gasification behavior is still 
unknown. Therefore, the first part of this paper is dedicated to the study of the influence of some 
process conditions on the BSG downdraft gasification using a power pallet downdraft gasifier from 
All Power Labs (Berkeley, CA, USA). 

The second part of this paper is dedicated to the development and implementation of a 
mathematical model to understand and predict the BSG downdraft gasification process performance 
and to assess the influence of diverse variables on the process performance for other biomass 
substrates. The main reason for that is to take advantage of the possibility provided by numerical 
models in order to circumvent time-consuming and costly experimental trials [23,24]. 

Gasification modeling and simulation may be achieved through different approaches, such as 
equilibrium models, kinetic models, computational fluid dynamics, and artificial neural networks 
[24,25]. Equilibrium models have the capacity to predict the maximum possible yield of a product; 
hence, they are not so accurate. However, thermodynamic models may be more suitable for some 
applications, given that they are independent of the gasifier's design and do not include any 
information about conversion mechanisms [26]. Therefore, they are the best choice for preliminary 
studies and parametric studies [25,27]. 

There are many modeling studies on equilibrium modeling of lignocellulosic biomass such as 
wood [28,29], agriculture residues [29,30], or pine [31]. However, to the best of our knowledge, there 
are no modeling studies on BSG downdraft gasification. Therefore, the second part of this work is 
dedicated to the development of a modified thermodynamic equilibrium model of the downdraft 
gasification to assess the potential application of the main Portuguese biomasses through produced 
gas quality indices. 

2. Materials and Methods 

2.1. Brewer’s Spent Grain Characterization 

The BSG used in downdraft gasification experiments was characterized in a previous study [13] 
in terms of ultimate and proximate analysis and heating value. The main results of BSG 
characterization are shown in Table 1. 

Table 1. Characterization of brewers’ spent grain pellets [13]. 

Parameter Value Parameter Value 
Moisture (%) 12.7 Density (kg/m3) 517 
HHV (MJ/kg) 17.8 LHV (MJ/kg) 16.5 

Proximate analysis (%, db)  Ultimate analysis (%, daf) 
Ash 3.8 C 48.3 

Volatile 86.8 H 5.6 
Fixed carbon 9.4 N 5.5 

2.2. Pilot-Scale Downdraft Reactor 



Energies 2019, 12, 4413 4 of 17 

 

A pilot-scale integrated gasification power system—a 20 kW Power Pallet (PP20) supplied by 
All Power Labs, Berkeley, CA, USA—was used. This system is mainly comprised of a downdraft 
reactor, an internal combustion engine, an electrical synchronous generator, and a process control 
unit. The external appearance of the gasifier and the main specifications are given in Figure 1 and 
Table 2, respectively. 

  
Figure 1. Pilot-scale downdraft reactor. Left: (1) Hopper, (2) Valves to flare and engine, (3) Control 
unit, (4) Ash vessel, (5) Gas filter, (6) Operational panel, (7) Generator, (8) Wiring box, (9) Grid-tie. 
Right: (1) Flare, (2) Exhaust stack, (3) Reactor access port, (4) Gasifier, (5) Air inlet check valve, (6) 
Cyclone, (7) Filter condensate drain bung, (8) Filter lid-locking lever, (9) drying bucket. 

Table 2. Power Pallet specifications [32]. 

Property Value 
Power output 3–15 kW at 50 Hz 

Biomass consumption 18 kg/h at 15 kW 
Moisture tolerance <30% 

Dimensions 1.4 × 1.4 × 2.2 m 
Weight 1065 kg 

Feedstock hopper capacity 0.33 m3 

The downdraft gasifier is made of stainless steel, and its kernel is made of coated ceramic. It is 
comprised of four sections corresponding to the different gasification phases (drying, pyrolysis, 
combustion and cracking, and reduction), as depicted in Figure 2. The power pallet system operates 
at a negative pressure to avoid gas leaks. Therefore, the hopper is sealed to maintain the negative 
pressure. In the drying zone, a heat exchanger with the hot departing gas reduces the moisture 
content of the biomass. A worm screw carries the dried biomass for the downdraft reactor. Drying 
and pyrolysis are both endothermic phases of gasification. Therefore, the power pallet includes a 
physical separation between these gasification phases to avoid competition for the heat required to 
each phase and reduce the amount of water in the gasifier, which would tend to agglomerate the tars 
and the soot into droplets and hamper their elimination by thermal cracking. 
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Figure 2. Schematic view of the gasifier system. 

The heat required for the pyrolysis that occurs at the top of the gasifier comes from combustion 
reactions that take place in the middle of the gasifier and from a heat exchanger with the engine’s 
exhaust gases. The air intake flow to the combustion zone also experiences a heat exchange with the 
departing gas. In the reduction zone at the bottom of the gasifier, a grate allows ash and char granules 
to pass. This grate is shaken by the system to smooth the passage of small granules and ash to the 
bottom of the gasifier, which, in turn, facilitates the flow of the produced gas. 

The produced gas leaves the gasifier and enters into a cyclone that precipitates larger particles 
and condensates present in the produced gas stream. After that, the produced gas can follow two 
different routes, depending on the operating conditions. During start-up, the produced gas follows 
the flare route, as is the low temperature in the gasifier does not permit it to crack the produced tars; 
that would damage the internal combustion engine. When the temperature in the reactor stabilizes, 
the produced gas follows the internal combustion engine route. Meanwhile, the produced gas goes 
through a packed bed filter, which ultimately removes moisture and other contaminants. 

The internal combustion engine is a spark-ignition engine (GM Vortec type) (General Motors, 
Detroit, MI, USA) properly modified to use low calorific combustible gases. The air-fuel ratio is tuned 
through a control unit and an oxygen (lambda) sensor. The equivalence ratio is seen on the control 
unit display, which allows the user to verify that the air-fuel mixture is generally stoichiometric [33]. 

The Power Pallet has a direct connection between the engine's drive shaft and the generator. For 
the generator to output electricity with a constant frequency of 50 Hz, it also has an engine governor 
to ensure that the engine turns at 1500 rpm (synchronous generator with four poles) while varying 
the power output to match the load on the generator. Further details about the pilot-scale integrated 
gasification power production system and its equipment can be found elsewhere [32,34,35]. 

2.3. Experimental Procedure 

Prior to the gasification experiments, the reactor was fully emptied and then filled with BSG 
pellets. For the BSG gasification trials, the hopper was filled with 50 kg of BSG pellets working in a 
batch mode. The system was initially tested to avoid gas leaking from the gasifier during operation. 
The start-up of the gasifier was done by a propane burner. When the temperature rises above 700 °C, 
the produced gas is supplied to the internal combustion engine instead of the flare. At the end of each 
gasification trial, the reactor, gas filter, grate basket, and ash container were cleaned. 

The produced gas was sampled at the exit of the gas filter using Tedlar bags (CEL Scientific 
Corp., Cerritos, CA, USA) in intervals of 15 minutes during the one-hour test for each operational 
condition. Therefore, four produced gas samples were taken for each operational condition and 
analyzed in a Varian 450-GC (Scion, Austin, TX, USA) gas chromatograph with two thermal 
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conductivity detectors, enabling the recognition of CO, CO2, CH4, C2H2, C2H4, C2H6, H2, O2, and N2 
using nitrogen and helium as carrier gases. The experimental results presented in this paper are the 
average of these four samples. 

2.4. Mathematical Model 

The modified stoichiometric equilibrium model presented herein is based on the carbon 
boundary point (CBP) concept. The CBP is attained when enough gasifying agent is supplied to 
achieve complete gasification [36,37]. Therefore, it is generally considered to define the optimal 
conditions of a gasification process [36,38]. It is also considered a two-stage model. In the first stage, 
below the carbon boundary point, only heterogeneous reactions take place. In the second stage, above 
the carbon boundary point, only homogeneous reactions occur [31,36]. 

The modified stoichiometric equilibrium model presented herein is based on the following 
typical assumptions [27,36]: - The gasifier is considered zero-dimensional and adiabatic; - Residence time is long enough for the equilibrium state to be achieved;  - Hydrodynamic behavior is considered as homogeneous mixing with uniform pressure and 

temperature; - Tars and ashes contents are considered negligible. 

The stoichiometric equilibrium model is developed as a two-stage model considering a sub-
model for gasification at and below the CBP, where a heterogeneous equilibrium is present, and 
another sub-model for gasification above the CBP, where homogeneous equilibrium is present, i.e., 
all the components are in the gaseous state, as in references [31,38]. 

2.4.1. Model at and below the CBP 

• Mass Balance 
The global gasification reaction of a mole of biomass in m moles of air can be expressed as 

follows: 𝐶𝐻௫𝑂௬𝑁௭ + 𝑤𝐻ଶ𝑂 + 𝑚ሺ𝑂ଶ + 3.76𝑁ଶሻ → 𝑛ுమ𝐻ଶ + 𝑛஼ை𝐶𝑂 + 𝑛ுమை𝐻ଶ𝑂 + 𝑛஼ைమ𝐶𝑂ଶ +𝑛஼ுర𝐶𝐻ସ + 𝑛ேమ𝑁ଶ+𝑛௖௛௔௥𝐶ℎ𝑎𝑟 (1) 

where the subscripts ni denotes the stoichiometric coefficients. CHxOyNz denotes the biomass material, 
and x, y, and z denote the numbers of atoms of hydrogen, oxygen, and nitrogen per number of atoms 
of carbon present in the biomass. w and m denote the quantity of moisture and oxygen per mole of 
biomass, respectively. The subscripts x, y, z, and w are obtained from the ultimate analysis of the 
biomass. 

The atomic balance for the chemical elements C, H, O, and N are defined as follows: 

C: 𝑛େ୓ + 𝑛େ୓మ + 𝑛େୌర + 𝑛ୡ୦ୟ୰ = 1 (2) 

H: 2𝑛ୌమ + 2𝑛ୌమை + 4𝑛େୌర = 𝑥 + 2𝑤 (3) 

O: 𝑛େ୓ + 𝑛ୌమை + 2𝑛େ୓మ = 𝑦 + 𝑤 + 2𝑚 (4) 

N: 2𝑛୒మ = 𝑧 + 7.52𝑚 (5) 

• Thermodynamic Heterogeneous Equilibrium 
Three independent equilibrium chemical reactions are enough for the heterogeneous 

equilibrium. The relevant gasification reactions in this regard are the Boudouard reaction (Equation 
(6)), the water–gas (Equation (7)), and methane formation (Equation (8)) [31,39]. 𝐶 + 𝐶𝑂ଶ ↔ 2𝐶𝑂 (6) 𝐶 + 𝐻ଶ𝑂 ↔ 𝐶𝑂 + 𝐻ଶ (7) 𝐶 + 2𝐻ଶ ↔ 𝐶𝐻ସ (8) 
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The equilibrium constants for those reactions are [31] 

𝐾଺(𝑇) = ቀ𝑛஼ை𝑛௧ ቁଶቀ𝑛஼ைమ𝑛௧ ቁ ൬𝑃௥௘௙𝑃 ൰ (9) 

𝐾଻(𝑇) = ቀ𝑛஼ை𝑛௧ ቁ ቀ𝑛ுమ𝑛௧ ቁቀ𝑛ுమை𝑛௧ ቁ ൬𝑃௥௘௙𝑃 ൰ (10) 

𝐾଼(𝑇) = 𝑛஼ுర𝑛௧ቀ𝑛ுమ𝑛௧ ቁଶ ൬𝑃௥௘௙𝑃 ൰ (11) 

where nt denotes the total number of moles of produced gas, PRef denotes the standard pressure (1 
atm), P denotes the pressure at the operating condition, and ki(T) denotes the equilibrium constant 
that can also be obtained using the standard Gibbs function [39], ln 𝐾௜ = −∑ 𝑛௜∆𝑔௙,்,௜଴ே௜ୀଵ 𝑅𝑇  (12) 

where R denotes the universal gas constant and ∆𝑔௙,்,௜଴  the standard Gibbs function of formation of 
the gas species i, which can be determined as follows [39]: ∆𝑔௙,்,௜଴ =  ℎ௙଴ − 𝑎ᇱ𝑇 ln(T) − 𝑏ᇱ𝑇ଶ − ቆ𝑐ᇱ2ቇ𝑇ଷ − ቆ𝑑ᇱ3 ቇ𝑇ସ − ቆ 𝑒ᇱ2𝑇ቇ − 𝑓ᇱ − 𝑔ᇱ𝑇 (13) 

The coefficients a’–g’ and the enthalpy of formation of the gases are given in Table 3.  

Table 3. Enthalpy of formation (kJ/mol) and coefficients of the Gibbs equation (kJ/mol) [40]. 

Substance h0f a’ b’ c’ d’ e’ f’ g’ 

CO 
−110.

5 
5.619 × 

10−3 
−1.190 × 

10−5 
6.383 × 

10−9 
−1.846 × 

10−12 
−4.891 × 

102 
8.684 × 

10−1 
−6.131 × 

10−2 

CO2 
−393.

5 
−1.949 × 

10−2 
3.122 × 

10−5 
−2.448 × 

10−8 
6.946 × 

10−12 
−4.891 × 

102 
5.270 

−1.207 × 
10−1 

CH4 −74.8 
−4.620 × 

10−2 
1.130 × 

10−5 
1.319 × 

10−8 
−6.647 × 

10−12 
−4.891 × 

102 
1.411 × 

101 
−2.234 × 

10−1 

H2O 
−241.

8 
−8.950 × 

10−3 
−3.672 × 

10−6 
5.209 × 

10−9 
−1.478 × 

10−12 
0.000 2.868 

−1.722 × 
10−2 

• Energy Balance 
The gasification temperature can be obtained by the following global energy balance equation 

for 1 kg of biomass considering that the process is adiabatic [39]. ෍𝑛௜ ൣℎ௙,௜଴ + ∆𝐻ଶଽ଼் ൧௜,௥௘௔௖௧௔௡௧௦ = ෍𝑛௜ ൣℎ௙,௜଴ + ∆𝐻ଶଽ଼் ൧௜,௣௥௢ௗ௨௖௧௦௜௜  (14) 

Taking into account the global gasification reaction of Equation (1), the global energy balance 
can be expressed as ℎ௙,௕௜௢௠௔௦௦଴ + 𝑤൫ℎ௙,ுమை଴ + ℎ௩௔௣൯ + 𝑚 ℎ௙,ைమ଴ + 3,76 𝑚 ℎ௙,ேమ଴= 𝑛ுమℎ௙,ுమ଴ + 𝑛஼ைℎ௙,஼ை଴ + 𝑛ுమைℎ௙,ுమை଴ + 𝑛஼ைమℎ௙,஼ைమ଴ + 𝑛஼ுరℎ௙,஼ுర଴+  𝑛ேమℎ௙,ேమ଴ +  𝑛௖௛௔௥ℎ௙,௖௛௔௥଴+ ൫𝑛ுమ𝑐௣,ுమ + 𝑛஼ை𝑐௣,஼ை + 𝑛ுమை𝑐௣,ுమை + 𝑛஼ைమ𝑐௣,஼ைమ + 𝑛஼ுర𝑐௣,஼ுర+ 𝑛ேమ𝑐௣,ேమ + 𝑛௖௛௔௥𝑐௣,௖௛௔௥൯∆𝑇 

(15) 

ℎ௙,௜଴ , ℎ௩௔௣, and 𝑐௣,௜ denote the biomass enthalpy of formation, the enthalpy of vaporization of water, 
and the specific heat, respectively. ∆𝑇 refers to the temperature difference at any given T and at 298 
K. The enthalpy of formation of the biomass can be computed by the following relationship [41]: 
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ℎ௙,௕௜௢௠௔௦௦଴ = 𝐿𝐻𝑉 + ෍  ൣ𝑛௜ℎ௙,௜଴ ൧௜,௣௥௢ௗ௨௖௧௦௜  (16) 

where ℎ௙,௕௜௢௠௔௦௦଴  denotes the enthalpy of formation of product i under complete combustion of the 
biomass and LHV denotes the lower heating value of the biomass. The LHV of the biomass is 
computed by subtracting the higher heating value (HHV) of the biomass by the enthalpy of 
vaporization of water as follows [26]: 𝐿𝐻𝑉௕௜௢ = 𝐻𝐻𝑉௕௜௢ − 2260 × (0.09 𝐻 + 0.01𝑀)  ൬𝑘𝐽𝑘𝑔൰ (17) 

where H and M denote the hydrogen and moisture fractions on an as-received basis. The value 2260 
is the latent heat of the water in kJ/kg. The HHV of the biomass is computed accordingly to the 
correlation of Channiwala and Parikh [42], 𝐻𝐻𝑉௕௜௢ = 349.1 𝐶 + 1178.3 𝐻 + 100.5 𝑆 − 103.4 𝑂 − 15.1 𝑁 − 21.1 𝐴𝑠ℎ  (𝑘𝐽𝑘𝑔) (18) 

where the mass percentages of the compounds are those obtained by ultimate analysis on a dry basis. 
Cp denotes the specific heat at constant pressure in kJ/kmol K that can be computed by the 

following empirical equation [41]: 𝐶௣(𝑇) = 𝑎ଵ + 𝑎ଶ𝑇 + 𝑎ଷ𝑇ଶ + 𝑎ସ𝑇ିଶ (19) 

where the coefficients ai are given in Table 4 for the chemical species involved. 

Table 4. Coefficients for the specific heat calculation [41]. 

Species a1 a2 a3 a4 
C 16.336 0.60972 × 10−2 −0.64762 × 10−6 −836,340 

CO 28.448 0.23633 × 10−2 −0.24877 × 10−6 4291.9 
CO2 36.299 0.20352 × 10−1 −0.21455 × 10−5 −449,100 
CH4 23.607 0.49622 × 10−1 −0.52248 × 10−5 −212,800 
H2O 28.166 0.14667 × 10−1 −0.15433 × 10−5 100,230 
H2 25.310 0.82575 × 10−2 −0.86850 × 10−6 106,010 
N2 27.883 0.29838 × 10−2 −0.31384 × 10−6 38,452 

2.4.2. Model Above the CBP 

• Mass Balance 
The balance for, C, H2, O2, and N2 can be given by [31] 

C:  𝑛௚௔௦൫𝑛஼ை + 𝑛஼ைమ + 𝑛஼ுర൯ ஼஻௉ = 𝑛௚௔௦൫𝑛஼ை + 𝑛஼ைమ + 𝑛஼ுర൯ (20) 

H2: 𝑛௚௔௦൫𝑛ுమ + 𝑛ுమை + 2𝑛஼ுర൯ ஼஻௉ = 𝑛௚௔௦൫𝑛ுమ + 𝑛ுమை + 2𝑛஼ுర൯ (21) 

O2:𝑛௚௔௦ൣ0.5൫𝑛஼ை + 𝑛ுమை൯ + 𝑛஼ைమ൧஼஻௉ + 𝑛௔௜௥ × 𝑛ைమ,ೌ೔ೝ + 0.5 × 𝑛ுమை = 𝑛௚௔௦ൣ0.5൫𝑛஼ை +𝑛ுమை൯ + 𝑛஼ைమ൧ (22) 

N2: 𝑛௚௔௦ × 𝑛ேమ,಴ಳು + 𝑛௔௜௥ × 𝑛ேమ,௔௜௥ = 𝑛௚௔௦ × 𝑛ேమ (23) 

where 𝑛௚௔௦ , 𝑛஼ை , 𝑛஼ைమ , 𝑛஼ுర ,  𝑛ுమ  and 𝑛ுమை  denotes the molar amount of produced gas, carbon 
monoxide, carbon dioxide, methane, hydrogen, and water, respectively. 𝑛௔௜௥ , 𝑛ைమ,ೌ೔ೝ , and 𝑛ேమ,௔௜௥ 
denotes the molar amount of air, oxygen in the air, and nitrogen in the air. The subscript CBP stands 
for a species molar amount at the CBP. 
• Thermodynamic Homogeneous Equilibrium 

The pertinent chemical reactions are the water–gas shift reaction (Equation (24)) and 
methanation reaction (Equation (25)) [36]. 𝐶𝑂 + 𝐻ଶ𝑂 ↔ 𝐶𝑂ଶ + 𝐻ଶ (24) 𝐶𝑂 + 3𝐻ଶ ↔ 𝐶𝐻ସ + 𝐻ଶ𝑂 (25) 
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The equilibrium constants for those reactions are [31] 

𝐾ଶସ(𝑇) = ቀ𝑛ுమ𝑛௧ ቁ × ቀ𝑛஼ைమ𝑛௧ ቁቀ𝑛஼ை𝑛௧ ቁ × ቀ𝑛ுమை𝑛௧ ቁ (26) 

𝐾ଶହ(𝑇) = ቀ𝑛ுమை𝑛௧ ቁ × ቀ𝑛஼ுర𝑛௧ ቁቀ𝑛஼ை𝑛௧ ቁ × ቀ𝑛ுమ𝑛௧ ቁଷ ൬𝑃௥௘௙𝑃 ൰ଶ (27) 

These equilibrium constants are obtained using Equation (12).  
• Energy Balance 

The global energy balance equation for the homogenous stage of the model is defined as follows 
[31,38]: ൫Δℎ௚௔௦ + 𝐿𝐻𝑉௚௔௦൯஼஻௉ × 𝑛௚௔௦,஼஻௉ + ∆ℎ௔௜௥ × 𝑛௔௜௥ + ∆ℎ௪௔௧௘௥ × 𝑛௪௔௧௘௥= ൫𝐿𝐻𝑉௚௔௦ + ∆ℎ௚௔௦൯ × 𝑛௚௔௦ (28) 

where ∆ℎ௔௜௥ × 𝑛௔௜௥ denotes the product between the air enthalpy difference by the molar amount of 
air, ∆ℎ௪௔௧௘௥ × 𝑛௪௔௧௘௥  denotes the product between the water enthalpy difference by the molar 
amount of water vapor, Δℎ௚௔௦ denotes the produced gas enthalpy difference, and LHVgas denotes the 
lower heating value of the produced gas. The unknowns in Equation (28) are computed thanks to 
Equations (16)–(19). 

2.4.3. Calculation Procedure 

It is known that equilibrium models at relatively low gasification temperatures overestimate 
carbon monoxide and hydrogen yields and underestimates carbon dioxide and methane yields 
[25,43]. Therefore, to improve the predictive capabilities of the developed equilibrium model, the 
multiplicative factors of Jarungthammachote and Dutta [39] were used. According to their 
methodology, the equilibrium constants of the water-gas reaction (Equation (10)) and methanation 
reaction (Equation (11)) were multiplied by 0.91 and 11.28, respectively. The values of 𝑛஼ை , 𝑛஼ைమ , 𝑛஼ுర, 𝑛ுమ, 𝑛ுమை, nt, and TCBP are computed in the first stage of the model, i.e., below and at the CBP, 
assuming an initial temperature. In the second stage of the model, i.e., above the CBP, the same 
methodology was followed to solve the homogeneous equilibrium. The values of 𝑛஼ை, 𝑛஼ைమ, 𝑛஼ுర, 𝑛ுమ, and 𝑛ுమை obtained in the first stage of the model are used as input parameters for the second 
stage of the model. 

The described stoichiometric modified equilibrium model was implemented and solved in 
Matlab (MathWorks Inc., Natick, MA, USA) software using the Newton–Raphson method. 

3. Results and Discussion 

3.1. Experimental Results 

The operating conditions of the downdraft gasifier were characterized by the biomass feed rate, 
air feed rate, equivalence ratio (ER), and produced gas composition. Table 5 shows the operating 
conditions, averaged produced gas fractions, and efficiencies to understand the behavior of the whole 
power production system. The equivalence ratio was computed as the ratio between the actual 
oxygen added to the gasifier and the stoichiometric oxygen needed for the complete combustion of 
the biomass. The gasifier airflow intake was estimated by the following empirical expression [44]: 𝑄௔௜௥ ௜௡ ቆ𝑚ଷℎ ቇ = 2.4207 × ൫𝑣𝑎𝑐𝑢𝑚 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒( 𝑖𝑛 𝐻ଶ𝑂)൯଴.ହଶଶ଻

 (29) 

The resulting equivalence ratios were between 0.20 and 0.23. The lower heating value (LHV) of 
the dry gas was computed based on the molar fractions of fuel gases (Y) and the corresponding LHV 
at reference conditions [45], 
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𝐿𝐻𝑉௚௔௦ = 10.79𝑌ுమ + 12.62𝑌஼ை + 35.81𝑌஼ுర + 56.08 𝑌஼మுమ + 59.04 𝑌஼మுర + 63.75 𝑌஼మுల (30) 

The LHV of the dry gas was found to be between 5.8 and 6.6 MJ/Nm3, with the higher values 
obtained for equivalence ratios of 0.20. The gas yield was estimated based on the mass balance of N2 
in the reactor. It was assumed that all the nitrogen in the fuel exits in the produced gas as N2 and the 
N2 behaves as an inert gas. The gas yields values obtained for the gasification experiments were 
between 2.05 and 2.20 Nm3gas/kg BSG. 

Carbon conversion efficiency (CCE) defines the fraction of solid carbon converted to gas carbon 
in the produced gas stream. It is clearly a measure of the amount of unconverted carbon and furnishes 
an indication of the chemical efficiency of the process. Values of CCE between 85.9 and 87.8% were 
obtained for the experimental conditions used.  

Cold gas efficiency (CGE) was computed as the ratio of the chemical energy in the produced gas 
and the chemical energy in the biomass. Values of CGE between 74.6 and 82.5% were obtained for 
the experimental conditions used. 

Table 5. Experimental operating conditions and producer gas analysis for brewer’s spent grains 
(BSG). 

Experimental Conditions Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 
Biomass feed rate (kg/h) 4.0 3.9 3.7 6.9 6.8 6.5 

Air feed rate (Nm3/h) 4.9 4.3 4.0 8.1 7.7 7.0 
Equivalence ratio  0.23 0.21 0.20 0.22 0.21 0.20 

Produced gas fraction (%vol. db)       

H2 14.4 ± 1.7 15.9 ± 0.5 16.4 ± 0.4 15.6 ± 0.9 15.7 ± 0.4 16.6 ± 0.2 
CO 15.9 ± 1.5 16.0 ± 0.4 16.2 ± 0.2 16.3 ± 0.2 16.8 ± 0.5 16.9 ± 0.5 
CH4 3.2 ± 1.4 3.4 ± 0.9 3.5 ± 0.9 2.5 ± 0.7 2.5 ± 0.6 2.9 ± 0.4 
CO2 16.3 ± 1.8 16.2 ± 0.7 15.6 ± 0.3 15.8 ± 0.3 15.1 ± 0.6 15.1 ± 0.7 
N2 46.2 ± 2.1 43.8 ± 2.6 42.7 ± 3.4 46.8 ± 1.8 44.9 ± 2.0 43.2 ± 2.9 
O2 2.2 ± 0.3 2.4 ± 0.6 3.2 ± 0.6 2.1 ± 0.4 2.2 ± 0.5 2.5 ± 0.9 

C2H2 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
C2H4 es1.5 ± 0.6 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 2.4 ± 0.3 2.5 ± 0.3 
C2H6 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 

Gasification process characteristics       
Gas LHV (MJ/Nm3) 5.8 6.3 6.5 5.9 6.4 6.6 

Gas yield (Nm3) 8.5 8.0 7.9 15.2 14.2 13.4 
Cold gas efficiency (%) 74.6 78.7 82.4 79.5 80.6 82.5 

Carbon conversion efficiency (%) 87.8 86.3 87.6 86.3 86.1 85.9 
Power output characteristics       

Power output (kWh) 3.0 3.0 3.0 5.0 5.0 5.0 
Total efficiency (%) 16.4 16.8 17.7 15.8 16.0 16.8 

The total efficiency is calculated based on the ratio between the power produced (Pel) and the 
chemical energy in the biomass as follows: 𝜂௧ = 𝑃௘௟ × 3.6𝑚௕ሶ × 𝐿𝐻𝑉௕ (31) 

Values of total efficiency between 15.8% and 17.7% were obtained for the experimental 
conditions used, which are consistent with other published works [44]. 

3.2. Model Validation 

To validate the developed modified stoichiometric equilibrium model, the numerical results 
were compared with the experimental results obtained in this work. Figure 3 shows a comparison 
between the numerical results predicted by the developed model (shown in the horizontal axis) and 
the experimental data (shown in the vertical axis). 
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Figure 3. Comparison between modeled and measured produced gas composition for BSG 
gasification. 

From Figure 3, we can see that the developed modified stoichiometric equilibrium model is 
capable of predicting the produced gas composition within a margin of error of less than 20%. This 
is a very satisfactory performance for a complex process such as biomass gasification. Greater 
divergences were detected for methane since reduced molar fractions tend to yield greater relative 
errors. Moreover, all light hydrocarbons and tars not considered in the model can be lumped into 
CH4, which can further explain the higher deviation [46]. Moreover, some degree of divergence 
should be attributed to the model’s nature and assumptions. 

3.3. Syngas Quality Assessment for Various Biomass Substrates 

Forest and agriculture residues are the most common biomass resources available in Portugal 
[2,20,47]. Pine, eucalyptus, and cork are the species representative of the forest residues that are most 
abundant in Portugal [20,47]. Regarding agricultural residues, the most common are the ones 
deriving from the agricultural activities of the olive oil and wine industries [20]. These biomass 
resources can be utilized on a larger scale for energy production and were characterized to evaluate 
their potential using the developed modified stoichiometric equilibrium model. The characterization 
of selected biomasses is presented in Table 6. 

The produced gas quality depends on the ER, which should be substantially lower than 
stoichiometry to guarantee that the biomass is gasified instead of burned [48]. An excessively low ER 
results in frequent problems, such as incomplete gasification and minor LHV of the produced gas. A 
high ER results in excessive formation of combustion products at the expense of fuel gases [48]. 
According to Narvaez et al. [49], the ER optimum range for biomass gasification lies between 0.2 and 
0.4, and this ER interval was therefore used in our analysis. Regarding the gasifying agent, only air 
is used in our assessment. The reason lies in the fact of air being the most commonly used gasifying 
agent, as it is obviously economical [50], and it generates a produced gas of low calorific value, due 
mainly to its high nitrogen content [51]. Steam as a gasifying agent generates a produced gas with a 
moderate heating value, and its costs are between air and oxygen. Oxygen is the most expensive 
gasifying agent and, therefore, used only for more advanced applications [4]. Other operating 
parameters such as pressure or catalysts use can have a great influence on the produced gas quality 
[19,26]. However, these are beyond the scope of the present assessment. 

Table 6. Characterization of selected biomasses. 
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Proximate analysis (%, ar)      
Ash 2.6 7.5 9.4 13.1 2.7 

Volatile 53.6 41.7 62.1 57.8 72.5 
Fixed carbon 36.4 44.0 13.4 19.7 11.5 

Moisture 7.4 6.8 15.1 9.4 13.3 
Ultimate analysis (%, daf)     

C 42.7 43.7 45.2 43.2 41.3 
H 5.8 5.6 5.3 5.6 5.5 
N 2.1 0.5 0.6 1.9 2.6 
S 0.0 0.0 0.0 0.0 0.0 
O 49.4 50.2 48.9 49.3 50.6 

HHV (MJ/kg) 18.4 17.8 16.4 17.5 15.1 

The results obtained using the developed modified stoichiometric equilibrium model of the 
downdraft gasification using air as the gasifying agent are presented in Table 7 as a function of ER 
for the various Portuguese biomasses. 

Table 7. Model results for various Portuguese biomasses. 

Biomass Pine 
Simulation conditions (ER) 0.20 0.30 0.40 

Produced gas fraction (%vol. db)    

H2 18.0 16.0 14.3 
CO 19.0 17.5 16.8 
CH4 2.9 3.0 3.1 
CO2 12.0 13.5 14.7 

Biomass Eucalyptus 
Simulation conditions (ER) 0.20 0.30 0.40 

Produced gas fraction (%vol. db):    
H2 16.0 14.8 13.7 
CO 18.0 16.6 15.8 
CH4 2.1 2.3 2.4 
CO2 14.0 15.0 15.9 

Biomass Cork 
Simulation conditions (ER) 0.20 0.30 0.40 

Produced gas fraction (%vol. db)    
H2 17.5 15.8 14.0 
CO 19.2 17.6 16.9 
CH4 3.0 3.1 3.2 
CO2 11.8 13.3 14.5 

Biomass Olive Bagasse 
Simulation conditions (ER) 0.20 0.30 0.40 

Produced gas fraction (%vol. db)    
H2 16.0 14.8 13.7 
CO 18.3 16.7 15.9 
CH4 2.1 2.3 2.4 
CO2 14.5 15.4 16.1 

Biomass Vine Prunings 
Simulation conditions (ER) 0.20 0.30 0.40 

Produced gas fraction (%vol. db)    
H2 21.0 19.9 18.7 
CO 20.0 18.4 17.5 
CH4 1.9 2.0 2.1 
CO2 11.0 11.7 12.5 

Applications for produced gas can be divided into two main groups—power or heat and fuels 
or chemical products. Table 8 recapitulates required produced gas characteristics for various end-use 
options. 
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Table 8. Produced gas characteristic guidelines for different applications [52]. 

Application H2/CO Hydrocarbons N2 CO2 Heating Value 
Synthetic fuels  0.6 Low Low Low Irrelevant 

Methanol 2.0 Low Low Low Irrelevant 
Hydrogen High Low Low Not critical Irrelevant 

Boiler Irrelevant High Irrelevant Not critical High 
Turbine Irrelevant High Irrelevant Not critical High 

Typically, produced gas characteristics are more important for chemicals and fuel synthesis 
applications than for hydrogen and fuel gas applications. Some process equipment such as scrubbers 
and coolers can be utilized to correct the characteristics of the produced gas to match those ideals for 
the chosen end-use. However, this supporting equipment increases the complexity and final cost of 
the process [52]. 

Figure 4 shows the influence of ER on the produced gas H2/CO molar ratio for the various 
biomasses of Table 6. 

 

Figure 4. Produced gas H2/CO molar ratio as a function of equivalence ratio (ER) for various 
biomasses. 

From analyses of Figure 4, it can be seen similar behavior of the H2/CO molar ratio for most of 
the biomasses under study. The exception is verified for vine pruning, which presents greater H2/CO 
molar ratios. The explanation is linked to biomasses composition provided by proximate and ultimate 
analyses of Table 6. From Table 6, it is possible to verify the similar composition of the various 
biomasses being the distinctive aspect of the greater percentage of volatiles of vine pruning. The 
volatiles are released in the pyrolysis phase, generating CO, H2, and hydrocarbons as pyrolytic gas 
products [53]. On the other hand, the increase of ER implies the supply of greater amount of air to 
the reactor, which favors the oxidation reactions [54]. A low ER ensures high produced gas quality 
due to higher values of the combustible gases. However, the ER should not be too low because the 
oxygen supply will not be enough to convert the char. Figure 5 shows the effect of ER on the produced 
gas CH4/H2 molar ratio for the various biomasses of Table 6. 
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Figure 5. Produced gas CH4/H2 molar ratio as a function of ER for various biomasses. 

From Figure 5, it is clear that the CH4/H2 molar ratio increases with ER for the various biomasses. 
This behavior is explained by the reducing amounts of H2 and the approximately constant amounts 
of CH4 when increasing ER. It is also seen the similar CH4/H2 molar ratios for eucalyptus and olive 
bagasse. The reason is the similar ultimate composition of those biomasses, as seen in Table 6. The 
effect of ER on CH4/H2 molar ratio is very small since it decreases the H2 molar fraction that is much 
greater than the CH4 molar fraction. In turn, CH4 molar fraction remains almost constant with the 
increase of ER from 0.2 to 0.4. From the molar fractions obtained in Table 7 and H2/CO molar ratio 
expressed by Figure 4, and according to Table 8, it is possible to conclude that, using air as a gasifying 
agent, the biomass gasification only provides a syngas with enough quality to be used for energy 
production in boilers or turbines. The CH4/H2 molar ratio expressed in Figure 5, and not directly 
included in Table 8, is important for domestic purposes [55]. However, the low molar ratios obtained 
do not identify those produced gases as good candidates for replacing natural gas in domestic 
applications. 

4. Conclusions 

In this work, experimental and modeling analysis of brewers’ spent grains gasification in a pilot-
scale downdraft reactor were performed. 

For the experimental part of the work, a pilot-scale integrated gasification power production 
system called the Power Pallet of 20 kW was used. The gasification process performance was assessed 
through the produced gas yield and composition, lower heating value, carbon conversion efficiency, 
and cold gas efficiency. Encouraging results were obtained for all the gasification parameters. The 
produced gas yields between 2.05 and 2.20 m3/kg, with composition in between 42.7–46.8 % of N2, 
15.9–16.9% of CO, 15.1–16.3% of CO2, 14.4–16.6% of H2, 2.5–3.5% of CH4, 1.5–2.5% of C2H4, and 0.3% 
of C2H6. The heating value of the produced gas was found between 5.8 and 6.6 MJ/m3, carbon 
conversion efficiency between 85.9 and 87.8%, and cold gas efficiency between 74.6 and 82.5%. It was 
also found that the Power Pallet works at low equivalence ratios between 0.20 to 0.23 for the power 
outputs of 3–5 kWh. Moreover, about 1 kWh electrical power was achieved for approximately 1.3 kg 
of brewers’ spent grains pellets gasified, with an average electrical efficiency of 16.5%. These results 
are closely in agreement with the power pallet supplier indicative performances. 

For the numerical part of the work, a modified stoichiometric equilibrium model of the 
downdraft gasification was developed to assess the potential applications of the main Portuguese 
biomasses through produced gas quality indices. The model was validated against the experimental 
results obtained in the first part of the paper. The sensitivity analysis of the variation of equivalence 
ratio showed an opposite behavior of the H2/CO and CH4/H2 molar ratios for the biomasses under 
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study. The H2/CO molar ratio decreases with ER, and the CH4/H2 molar ratio decreases with ER. The 
reason is the similar ultimate composition of the biomasses under study. The exception is verified for 
vine prunings, which present greater H2/CO molar ratios when ER increases. The explanation is on 
the distinctive aspect of the vine pruning proximate composition, which shows a greater percentage 
of volatiles that is released in the pyrolysis stage generating H2 and CO.  

A final conclusion could be drawn that using air as a gasifying agent in the biomass gasification 
only provides a produced gas with enough quality to be used for energy production in boilers or 
turbines. Even for domestic purposes, it is not a good candidate for replacing natural gas. 
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