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Abstract: The issues related to the optimization of energy consumption in heating equipment have emerged 
in recent years, when research has been intensified for a more ecological, more modern and more efficient 
combustion achievable, for example, by addressing new combustion solutions or technologies, such as the 
use of the Top-Lit Updraft (TLUD) principle for heating equipment. The article presents a laboratory 
equipment piece for a "Hot air generator with forced draft fan based on the TLUD principle" that operates in 
the loop to maintain the temperature at 180°C at the chimney outlet, which is recommended for boilers with 
biomass gasification, to avoid tar deposition. Also, the equipment can control the temperature of the hot air 
produced, by controlling the gasification air flow rate and adjusting the working power. The combustion 
quality can be optimized by controlling the CO2 emissions or other unburned gases and suspended 
particulate matter (SPM) at the chimney outlet.    

Keywords: Gasification, Top-Lit Updraft (TLUD), biomass, biochar, greenhouse gases, stoichiometric 
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1. Introduction  

Energy consumption in developing countries for cooking and heating is mainly based on biomass 
fuels. An estimated 40% of the global population relies on burning solid biomass fuel to meet some 
or all of their household energy needs [1] which is very inefficient and produces harmful emissions 
through incomplete combustion.  
A growing number of publications suggest that incomplete combustion by-products and noxious 
emissions from traditional biomass burning have contributed significantly to climate change [2, 3]. 
Combustion technologies are fairly well-defined for equipment that burns biomass cleaner and 
more efficiently [4]. However, it has been noted that not all solutions are supported by research 
and market demands [5]. For this reason, it is important that equipment is tested before being 
released to the market to ensure that new models offer significant improvements given the cooking 
or residential heating practices prevalent in a particular area with a particular type of biomass [5]. 
The reduced fuel consumption of modernized combustion equipment is linked to increased 
efficiency, therefore, assessing their thermal performance is essential for the development of more 
efficient technologies [6,7]. The energy performance of various combustion equipment has been 
achieved by some researchers by using biomass fuel as a renewable energy resource, CO2 
neutral and a viable alternative to fossil fuel [8-11]. 
The practice of using renewable biomass resources to generate bioenergy has increased 
significantly recently [12,13]. Among the various technological options, biomass gasification is a 
relatively simple solution in process/reactor design and implementation [14]. After gasification, two 
components result: synthesis gas and biochar. Biochar is known for its carbon-rich nature that 
provides valuable benefits to the environment [15].   
Top-lit updraft (TLUD) gasification has the potential to simultaneously produce biochar and syngas 
from biomass. It was found that some models of TLUD gasifiers have relatively high yields in the 
production of biochar and synthesis gas [16,17].  
Gasification is a process by which solid fossil fuels are converted into a synthetic fuel gas called 
syngas (mainly a mixture of carbon monoxide and hydrogen); is a thermochemical degradation 
process that takes place at high temperatures (800-1000°C) in an environment where the amount 
of oxygen is lower than that required for complete combustion. In order for the biomass gasification 
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combustion process to be complete, it is necessary that the air required for complete combustion 
and the resulting gas (syngas) be mixed in a certain ratio under appropriate conditions of 
turbulence and temperature. If the combustion is incomplete, either due to a lack of oxygen, or if 
the excess oxygen cools the vapors below the optimal point at which they will burn, unwanted 
pollutant emissions and energy waste result [18]. 
Forced draft gas cookstoves have been shown in laboratory studies [19-21] to reduce CO and PM 
emissions by 90% compared to free combustion (as one can see in Figure 1). 
 

 

Fig. 1. Comparison of CO and PM emissions from various combustion technologies and systems [22] 
 

Materials considered waste (bark, residues from forest wood cutting, residues from secondary 
agricultural production, etc.) can be used effectively to produce thermal energy and store carbon in 
biochar. Virtually any chopped and dried or densified wood material can be fuel for TLUD 
installations.    

2. Presentation of the "TLUD hot air generator" laboratory equipment 

2.1 General characteristics of the TLUD principle  

The TLUD process implies a fixed layer of biomass (the pyrolytic front advances in the biomass 
layer) and as a result the gasifier works in a batch mode with recharging. The gasification process 
is done with a reduced intensity with specific hourly consumption of 80 – 150 kg.bm/m²h; this fact 
results in reduced specific reactor powers of 250–350 kW/m². Due to the slow gasification process, 
the surface velocity of the produced gas has very low rates, namely below 0.06 m/s, which ensures 
a reduction in the rate of entrainment of free ash at concentrations below PM 2.5 at the burner 
outlet, to a maximum of 5 mg/MJbm. This value is at least five times lower than the current norms 
imposed for solid fuel thermal generators. 
Limiting the air speed in the reactor to ≤ 0.06 m/s has to be observed so that any entrained 
particulates do not advance through the chimney towards the atmosphere. In our case, the reactor 
has a diameter of Ø100 and the primary air flow rate is 25 l/min.  
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𝐷𝑟𝑒𝑎𝑐𝑡 = 100 
(1) 

𝑄𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑎𝑖𝑟 = 25𝑙 𝑚𝑖𝑛⁄  
(2) 

It results that the air speed in the reactor is:  

𝑉 =
𝑄

𝐴
=

25𝑙 𝑚𝑖𝑛⁄
0.12∙3.14

4
𝑚2

=
0.025/60 𝑚3 𝑠⁄

0.00785 𝑚2
= 0.053 𝑚 𝑠 < 0.06 𝑚 𝑠⁄⁄  (3) 

The research endeavours at the level of the INOE 2000-IHP Institute to study this combustion 
process have taken the shape of a laboratory equipment. A series of tests will be carried out on it 
that could transform the classic cooking equipment into a forced draft hot air generator, with 
pollutant emissions below the norms proposed by 2030, with a conversion efficiency of up to 85%, 
which also produces – in an amount of about 10...20% of the initial amount of biomass - residual 
charcoal, not converted into gas, known as biochar.  

2.2 Presentation of the laboratory equipment   

The laboratory equipment (Figure 2) consists of frame <1>, electronic scale <2>, gas generator 
<3>, combustion chamber <4>, heat exchanger <5>, draft regulator <6>, forced draft subassembly 
<7>, chimney temperature sensor <8>, grip for noxious emissions sensor <9>, grip for particulate 
matter sensor <10>, hot air temperature sensor <11>, combustion air manual control throttle <12>, 
secondary air servo valve <13>, secondary air flow meter <14>, primary air flow meter <15>, 
primary air throttle <16>, primary air servo valve <17>, pressure sensor <18>, laptop <19>, 
acquisition board <20>, temperature controller <21> and PLC <22>. 
The equipment works in a loop to maintain a temperature of 180°C at the chimney outlet, which is 
recommended for boilers with biomass gasification, to avoid the deposition of tar. The equipment 
can also control the temperature of the hot air produced, by controlling the gasification air flow rate 
and adjusting the working power. The combustion quality can be optimized by controlling the CO2 
emissions or other unburned gases and suspended particulate matter (SPM) at the chimney outlet. 
  

 

Fig. 2. "TLUD hot air generator" laboratory equipment – 3-D design 
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2.3 The principle of operation  

As one can notice in Figure 3, the equipment is provided with a computer (2) and a data acquisition 
program developed in LabView, with a friendly graphic interface, which displays and records all 
acquired parameters and their graphs in real time, a controller (3) for monitoring the temperature 
on the chimney and a PLC for controlling the pneumatic servo valves (11). The temperature 
sensors (5) monitor the temperature in various points of the reactor (6) during the gasification and 
combustion process. 
To initiate combustion, the heat exchanger (13) is disconnected from the reactor (6). After ignition, 
the forced draft fan (15) is switched on again; in this way a depression is created and the required 
amounts of gasification and combustion air are provided. This air flow can be adjusted by varying 
the fan speed and by means of the draft regulator (14). These flow rates are monitored by using 
the flow transducers (9), and the depression value at the gas generator inlet is monitored by using 
the transducer (8). Right after ignition, the gasification and combustion air flow rates will have 
maximum values so that the temperature on the chimney reaches the value of 180°C read by the 
sensor (18) as quickly as possible. When the value is reached, the sensor sends a control signal, 
through the controller and the PLC, for the proportional closing of the servo valves (11), thereby 
reducing the air flow rate. The hot air temperature at the outlet of the exchanger is monitored by 
using the temperature sensor (12). The quality of the combustion is monitored by means of a gas 
analyzer (17) and a SPM analyzer (16) at the chimney outlet. Biomass consumption is monitored in 
real time by using the electronic scale (7).   
As the laboratory equipment is fitted out in a complex manner, it allows the monitoring of the TLUD 
combustion process and its quality, and thus the optimal operating parameters and control loops 
for this type of equipment can be determined.  
The main purpose of this paperwork is to present a hot air generator solution based on the TLUD 
principle, with forced draft fan, and a solution for optimizing combustion by maintaining the 
chimney temperature at 180°C to avoid the formation and deposition of tar, by setting the 
maximum speed of the main (gasification) air flow rate so as to avoid PM emissions in the 
atmosphere and by dosing the secondary (combustion) air flow rate so as to reduce the noxious 
emissions.   
 

 

Fig. 3. Operating diagram of the laboratory equipment "hot air generator based on the TLUD principle" 
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The amount of hot air required is monitored by the temperature sensor (12), and through the 
acquisition board of the controller and the PLC (or the dedicated PC software) the primary and 
secondary air flow rates can also be adjusted in order to control the power of the gas generator 
and implicitly the amount of hot air required. 

3. Conclusions 

The most important benefit that the gas generator working on the TLUD principle offers is that it 
provides clean energy compared to any of the other combustion methods; it offers environmental 
protection solutions by storing carbon in biochar and by PM and CO2 emissions at the chimney 
below the values imposed by European legislation, thus contributing to the reduction of 
greenhouse gas emissions, to the effective protection of the environment and to ensuring a 
sustainable energy development. 
By continuing research with the TLUD hot air generator laboratory equipment, it is possible to 
deepen the study of the combustion quality and control at the TLUD equipment, which can move 
these devices from the category of food preparation equipment to the category of automated 
heating equipment similar to gasification boilers, and this can be a solution for replacing heating 
equipment operating on outdated, less cost-effective and less environmentally friendly combustion 
systems.  

Acknowledgments  

This work was carried out through the Core Program within the National Research Development and 
Innovation Plan 2022–2027, carried out with the support of MCID, project no. PN 23 05. This research was 
also supported by a project funded by the Romanian Ministry of Research, Innovation and Digitalization 
through Programme 1—Development of the national research & development system, Sub-programme 1.2—
Institutional performance—Projects financing the R&D&I excellence, Financial Agreement no. 
18PFE/30.12.2021. 

References 

[1] Bonjour, S., H. Adair-Rohani, J. Wolf, N.G. Bruce, S. Mehta, A. Prüss-Ustün, M. Lahiff, E.A. Rehfuess, V. 
Mishra, and K.R. Smith. “Solid fuel use for household cooking: country and regional estimates for 1980–
2010”. Environmental Health Perspectives 121, no. 7 (July 2013): 784-790. 

[2] Johnson, M., R. Edwards, A. Ghilardi, V. Berruta, D. Gillen, C.A. Frenk, and O. Masera. “Quantification of 
carbon savings from improved biomass cookstove projects.” Environmental Science & Technology 43, 
no. 7 (2009): 2456-2462. 

[3] Smith, K.R., R. Uma, V.V.N. Kishore, J. Zhang, V. Joshi, and M.A.K. Khalil. “Greenhouse implications of 
household stoves: An analysis for India.” Annual Review of Energy and the Environment 25 (November 
2000): 741-763. 

[4] Masera, O., R. Edward, C. Armendáriz Arnez, V. Berrueta, M. Johnson, L. Rojas Bracho, H. Riojas-
Rodríguez, and K.R. Smith. “Impact of Patsari improved cookstoves on indoor air quality in Michoacán, 
Mexico.” Energy for Sustainable Development 11, no. 2 (June 2007): 45-56.  

[5] Adkins, E., J. Chen, J. Winiecki, P. Koinei, and V. Modi. “Testing institutional biomass cookstoves in rural 
Kenyan schools for the Millennium Villages Project.” Energy for Sustainable Development 14 (2010), 
186-193.  

[6] Berrueta, V.M., R.D. Edwards, and O.R. Masera. “Energy performance of wood-burning cookstoves in 
Michoacan, Mexico.” Renewable Energy 33, no. 5 (May 2008): 859-870. 

[7] Fang, Y., Q. Wang, X. Bai, W. Wang, and P.A. Copper. “Thermal and burning properties of wood flour-
poly (vinyl chloride) composite.” Journal of Thermal Analysis and Calorimetry 109 (September 2012): 
1577-1585. 

[8] Pandey, A.K., V.V. Tyagi, S.R. Park, and S.K. Tyagi. “Comparative experimental study of solar cookers 
using exergy analysis.” Journal of Thermal Analysis and Calorimetry 109 (July 2012): 425-431. 

[9] Tyagi, S.K., A.K. Pandey, S. Sahu, V. Bajala, and J.P.S. Rajput. “Experimental study and performance 
evaluation of various cook stove models based on energy and exergy analysis.” Journal of Thermal 
Analysis and Calorimetry 111 (March 2013): 1791-1799.  

[10] Tyagi, V.V., A.K. Pandey, S.C. Kaushik, and S.K. Tyagi. “Thermal performance evaluation of a solar air 
heater with and without thermal energy storage: an experimental study.” Journal of Thermal Analysis 
and Calorimetry 107 (March 2012): 1345-1352.  



ISSN 1453 – 7303                                                                   “HIDRAULICA” (No. 1/2023) 
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics 

 

  
67 

 
  

[11] Magdziarz, A., and M. Wilk. “Thermal characteristics of the combustion process of biomass and sewage 
sludge.” Journal of Thermal Analysis and Calorimetry 114 (November 2013): 519-529. 

[12] Casler, M.D., R. Mitchell, J. Richardson, and R.S. Zalesny. “Biofuels, bioenergy, and bioproducts from 
sustainable agricultural and forest crops.” BioEnergy Research 2 (August 2009): 77-78. 

[13] McCord, J., V. Owens, T. Rials, and B. Stokes. “Summary report on the 2012 Sun Grant National 
Conference: Science for biomass feedstock production and utilization.” BioEnergy Research 7 (July 
2014): 765-768.  

[14] Hasan, J., D.R. Keshwani, S.F. Carter, and T.H. Treasure. “Thermochemical conversion of biomass to 
power and fuels.” Cheng, J. (Ed.). Biomass to Renewable Energy Processes. 1st edition. Boca Raton, 
CRC Press, 2009, 437-489. 

[15] Lorenz, K., and R. Lal. “Biochar application to soil for climate change mitigation by soil organic carbon 
sequestration.” Journal of Plant Nutrition and Soil Science 177, no. 5 (October 2014): 651-670. 

[16] Birzer, C., P. Medwell, J. Wilkey, T. West, M. Higgins, G. MacFarlane, and M. Read. “An analysis of 
combustion from a top-lit up-draft (TLUD) cookstove.” Journal of Humanitarian Engineering 2, no. 1 
(August 2013): 1-7. 

[17] Tryner, J., B.D. Willson, and A.J. Marchese. “The effects of fuel type and stove design on emissions and 
efficiency of natural-draft semi-gasifier biomass cookstoves.” Energy for Sustainable Development 23 
(December 2014): 99-109.  

[18] Pavel, I., R.I. Rădoi, G. Matache, A.-M.C. Popescu, and K. Pavel. “Experimental research to increase 
the combustion efficiency in the Top-Lit Updraft principle based gasifier.” Energies 16, no. 4 (February 
2023): 1912. 

[19] Jetter, J., and P. Kariher. “Solid-fuel household cook stoves: Characterization of performance and 
emissions.” Biomass Bioenergy 33, no. 2 (February 2009): 294-305. 

[20] Jetter, J., Y. Zhao, K.R. Smith, B. Khan, T. Yelverton, P. DeCarlo, and M.D. Hays. “Pollutant emissions 
and energy efficiency under controlled conditions for household biomass cookstoves and implications 
for metrics useful in setting international test standards.” Environmental Science & Technology 46, no. 
19 (2012): 10827-10834. 

[21] MacCarty, N., D. Still, and D. Ogle. “Fuel use and emissions performance of fifty cooking stoves in the 
laboratory and related benchmarks of performance.” Energy for Sustainable Development 14, no. 3 
(September 2010): 161-171. 

[22] Anderson, P.S. “The Future of Micro-gasifier Stoves: Meeting the Goals of the Global Alliance for Clean 
Cookstoves.” Paper presented at the 2012 ETHOS conference, Seattle-Kirkland, Washington, USA, 
January 28, 2012. Slideshare. February 6, 2012. Accessed February 8, 2023. 
https://pt.slideshare.net/bitmaxim/ethos-keynote-2012. 

 


