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Abstract

:

This paper introduces the design of a biomass gasification reactor with specific constraints for its manufacturing and operation in the West African conditions. The foreseen applications are the valorisation into heat and electricity of agricultural biomass residues. Rice husk is chosen as the reference fuel for the design. Local manufacturing is a key feature and the main focus of the design, as it allows us to reduce the capital costs and facilitate the maintenance. The design methodology is based on the conceptual approach proposed by Cross. This approach leads in several steps to a rational design choice based on the evaluation of different solutions. In this study, nine reactor types have been compared leading to a prototype that best suits the defined objectives such as a local manufacturing, a secure installation and a sufficient gas quality. From this conception approach, the Semi-Batch, Fixed-bed reactor with air Aspiration appears the most suitable. Its specific characteristics for the foreseen application are a power of 44 kW based on the syngas lower heating value, an average fuel consumption of 20.38 kg/h and an average air flow of 28.8 kg/h for optimal gasification. The gasifier resulting from the design methodology has been built. It is presented in the paper.
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1. Introduction


During the past decades, modern electricity access in West African countries has been growing up steadily from 33% in 2000 to 54% 2018 [1]. This increase is accompanied by the growth of renewable energy to fulfil the electricity access [2]. In West Africa, the share of renewable energy (made of biomass, hydro, wind, geothermal, concentrating solar power and solar photovoltaics) could further increase from 22% in 2010 to at least 52% in 2030 [3]. However, due to the rapid growth of the population and to the urbanisation and the related needs, basic modern energy services such as lighting, improved cooking and telecommunication remain largely unsatisfied for the rural populations [4].



In Burkina Faso, the national rate of electrification was estimated at 20% in 2018, while in rural areas this rate remained as low as 5% [1]. In addition to the expansion of the national grid, covering the electrification gap in rural areas requires the development of local small-scale energy production units. These units should be conceived to be easily adopted by the local populations while meeting the criteria of sustainable energy such as low CO2 emissions. Many projects based on solar energy, both photovoltaic and concentrated solar power, have been developed as a source of renewable energy [5,6,7]. They have great advantages but also some weaknesses, such as the need to store the energy during the day for the electricity demand during the evening and the night. West African countries have also a large biomass potential from different resources, including agricultural residues, which are not yet valorised. In this perspective, the gasification of biomass could be an interesting approach for energy production [8]. However, despite the potential of the gasification process for heat and/or electricity production, the number of effectively operating biomass gasification units in West Africa remains very low, as there are still many identified gaps to be addressed. Indeed, most gasifiers on the local market are expensive imported technologies from Europe or India. They are difficult to operate and maintain by local users, which hinders their successful adoption [9]. There are also locally handcrafted technologies that often exhibit design issues once in operation. These issues can be harmful gas leaks or unsuitable materials leading to rapid mechanical failures.



In view of these difficulties, which prevent the establishment of gasification technology in West Africa, the present study aims to contribute to the development of the gasification sector by following a design methodology for a gasifier considering the specific needs of the rural users and the local constraints. To illustrate the design approach, the current needs of a semi-industrial cooperative established in the locality of Bama in Burkina Faso are considered. This semi-industrial cooperative produces rice. Electricity is required to husk the paddy rice producing rice husk as residues, that could be used in a gasifier to generate the electricity to run the husker. The electricity would be produced by an internal combustion engine running on the producer gas from the gasifier. Heat from the cooling system and the exhaust of the engine could be recovered to reduce the thermal energy needed to parboil the rice. In this paper, the focus is on the reactor itself and not on the whole gasification facility including the gas cleaning unit and the engine.



A specific conceptual methodology must be considered to rethink in detail the layout, structure and manufacturing of a gasifier which could lead to the installation of more suitable units, thus answering the needs and expectations of West African populations. Pahl and Beitz proposed such a methodology. It allows a systematic approach in the design of a new product and is defined in four steps: planning and clarification, conceptual design, embodiment design and detail design [10]. Ulrich and Eppinger proposed a similar methodology but added an additional step: production and ramp-up, which is the first step of the product manufacturing [11]. Later, Cross [12] contributed to the development of design thinking, which, contrary to systematic methods, is more creative. He defined the design as a crossroads of arts, sciences and technologies. The present gasifier design study is based on the methodology proposed by Cross. It focuses on designing and building a gasification reactor mainly using the resources available locally in West Africa. Among others, it takes into consideration the energy need, the safety and durability of the reactor as well as criteria for an easy operation of the reactor.



The methodology is developed in detail in Section 2. The choice of the reactor design most suited for the needs in West Africa is discussed and illustrated in Section 3. Finally, conclusions are drawn in Section 4.




2. Methodology


The methodology proposed by Cross [12] was used for the design of the reactor to obtain a conceptual design meeting the set objectives. This methodology revolves around various major steps, going from the definition of the objectives to the realisation of blueprints for manufacture. The methodology is subdivided into seven stages (see Figure 1): clarifying objectives, establishing functions, setting requirements, determining characteristics, generating alternatives, evaluating alternatives and improving details.



2.1. Clarifying Objectives


The main objective is to design a gasification reactor adapted to the needs of the West African small-scale industries, particularly in Burkina Faso chosen as the experimental site. The technology to be designed must be manufactured locally while meeting high quality and security requirements. For this, specific parameters were considered as danger of explosions and danger of poisoning due to leakage of producer gas into the environment, especially during human actions.



One of the main challenges is to manufacture a reactor suited not only for moderate use in a dedicated environment (e.g., a laboratory) but also for its sale and use in small companies such as agro-industries. However, the prototype to be built and tested at the completion of the design methodology will be scaled to fit into a lab environment.



The requirements for the reactor were subdivided into several objectives based on the identified local needs and aspirations. For this first step, the deliverable is the graph of the objectives. The overarching objective of designing a gasification reactor is divided into ten main objectives. These ten objectives are ranked by order of importance. To achieve this, a logical framework matrix has been implemented. Then, on a scale of 1 to 100, these ten objectives were weighted according to the study context with the sum of all the weights equal to 100. The objectives and their weights are reported in Table 1. The emphasis is on a local manufacturing and a safe installation. The gas quality and the lifetime of the gasifier come next. Less important objectives, such as the capacity and the multifuel capability, have low weights.



The ten objectives are further split into primary and secondary subobjectives in order to refine the expressed needs. Local manufacturing includes both the use of local materials and local labour. The safety of the installation concerns the protection from risky elements (e.g., high-temperature parts) and the control of ambient gases which are potentially dangerous for the health of the operators. The gas produced by the prototype must also be combustible in an engine and have a low fraction of tars. In addition, the reactor must be resistant to thermal cycles, high temperatures and corrosion [13]. For instance, the material for the gasifier walls must be as noble as possible because elements such as sulphur and nitrogen increase the corrosion risk at high temperature [14].



The gasifier should allow a maximum conversion of the fuels, by having good gas yields and low carbon residues. The use and maintenance must be accessible to a large number of trained users. The monitoring and the change of the operating parameters must be simple operations. Disassembly and reassembly for maintenance should be easy and with relatively long maintenance intervals. The reactor must be environmentally sustainable, complying with small-scale gasification plant standards for atmospheric and soil pollution. The gasifier could release toxic gases for the environment and for the users such as CO, H2S and NH3. Ashes are usually harmless with elements such as alumina Al2O3, silicon oxide SiO2, iron oxide Fe2O3 and calcium oxide CaO [15].



Multiple local fuels must be potentially admissible within the reactor (with a light pretreatment) in order to meet the local fuel availability. Finally, the capacity of the reactor should meet the daily demand for energy.



Then, after defining the subobjectives linked to the ten main objectives, relative weights and absolute weights are assigned to these objectives and subobjectives according to their importance. The sum of the ten main objective weights is 100; at lower levels the primary and secondary subobjectives are then given weights relative to each other but with also a total of 100. Their overall weights are calculated as a fraction of the absolute weight of the objective above them as shown in Equation (1).


  r e a l   w e i g h  t n  = r e l a t i v e   w e i g h  t n  ∗ r e a l   w e i g h  t  n + 1    



(1)




where n + 1 is the level to designate the weight of an objective and n is the level to designate the weight of a subobjective. All the objectives and subobjectives are given two values: their value relative to their neighbours at the same level and their true value or value relative to the overall objective. In Table 1, the assigned real and relative weights of the objectives are given.




2.2. Establishing Functions


Once the objectives are defined and the weights set, the means by which these objectives can be achieved must be defined. To frame this process, the gasification process has been split into multiple unitary operations, called functions. All these functions act either simultaneously or one after the other, to constitute the gasification process. This step is materialised with a functional analysis that represents all the functions of the system that allow us to achieve the previously defined objectives, as illustrated in Figure 2. In the figure, a summary of the functional analysis of the gasifier is represented first as a black box (dashed lined) with inputs and outputs. Then, this black box is broken down into subfunctions to detail the four stages necessary in a gasification process, namely: drying, pyrolysis of the biomass, oxidation of the gases and reduction of the char [16]. Finally, the functional analysis is deepened by further detailing the functions which can still be fragmented for more precision. As presented in Figure 2, the main inputs in the gasification system are biomass and air. Biomass is stored within the gasifier and transformed by the heat from the oxidation. Biomass is thus dried and pyrolyzed. The outlet flows from the pyrolysis function are charcoal and pyrolysis gases that are oxidised in a fuel rich environment. The last steps are the reduction of the char and the storage of ashes. At this stage of the gasification the outputs are ashes (including residual char) and a raw syngas. The raw syngas flow goes into the cleaning functions: the syngas is filtered from its solid particles, and then cooled and cleaned from tars. The cold and cleaned syngas is then ready to be used in an engine for electricity production or to be burnt for heat generation. Other functions are also mentioned in the functional analysis; they are the necessary functions that allow us to enter the gasification agent (air in this case) into the gasifier and collect data from the main functions. In the functional analysis, two types of flow are defined: mandatory flows and optional flows. For example, water is an optional flow entered into the syngas thermal cooling function. The syngas can be dry cooled. Additionally, the human action can be optional between the biomass storage and the biomass drying. In fact, biomass can be stored in a container physically separated from the gasifier, then the user conveys the biomass from the container to the gasifier, or the container can be connected directly to the gasifier by a conveyor that does not require a human action.




2.3. Performance Specification


The third stage of the design consists of specifying, quantitatively or qualitatively, the expressed objectives, functions and needs. This stage allows us to set and to quantify the level of requirement, reliability, safety and attainment of the gasification technology to be designed. The stage has been organised in different sections: performance requirements, manufacturing requirements, operating requirements and security constraints. The definition of the amount of energy to be produced by the gasifier is a key specification. It dictates the size of the installation but also other characteristics of the reactor. Here, the energy requirement has been quantified based on a small industrial rice husking unit. This scenario corresponds to a representative use of a gasifier. This type of units uses, among others, a huller with a nominal power of around 10 kW (11 kW chosen for the design). This electrical power is within the representative range of potential needs that can be met by a small-scale gasification platform. On this basis, it is possible to define the amount of electrical energy to be produced to operate this machine during a working day considered as 10 h of operating time. In order to produce electricity, an engine coupled to an alternator is fed with the gas produced by the gasifier [9,17]. The engine efficiency is estimated at 25% in the design phase [17]. Therefore, the gas power should be around 44 kW. The gasifier efficiency, i.e., the energy in the gas compared to the energy of the feedstock, is estimated at 60%. The remaining 40% is lost in heat and other losses (e.g., partially converted biomass). The input power is thus around 75 kW in terms of the lower heating value of the (dry) feedstock. The considered feedstock for this study is rice husk. It is a suitable fuel for gasification [18,19,20]. The immediate analysis of rice husk performed by Casaca and Costa [21] is presented in Table 2.



The apparent density of rice husk is estimated at 120 kg/m3 and the lower heating value is chosen as 3.6 kWh/kg. Thus, the daily required rice husk quantity is 200 kg/day. Based on this specification, different solutions for the gasifier can be generated as described in the next section.




2.4. Generating Solutions


To generate solutions established on the objectives and subobjectives, functions and performances, several technological options have been compared. In order to organise the different possibilities or alternatives for the gasifier to be designed, three functions considered as fundamental were the starting point for generating solutions. These three functions are: the mode of fuel feeding, the mode of supplying the gasification agent (air in this case) within the gasifier and the type of reactor. Therefore, the solutions are first generated combining different solutions for the three main functions. These are then evaluated to select the most suitable for the selected application.



2.4.1. The Fuel Supplying Method


Regarding the feeding of biomass into the reactor, the fuel could be introduced all at once at the beginning of the gasification process, in a batch mode. In the batch supply, an operator manually puts biomass into the gasification reactor. Then, the operator closes the reactor before initiating the reactions. The autonomy of the gasifier in batch mode is determined by the depletion of the fuel inside the unit. Thus, the reactor has a volume sized according to the necessary operating time and the required power. Consequently, this operating time is, most of the time, limited to a few hours per day. However, the batch feeding mode is relatively autonomous for the duration of its operation and does not require additional intervention by the operator or any mechanism. Therefore, in a batch reactor, the operator works mainly during the biomass loading and the ashes discharging times. For a small installation, a batch supply limits the costs related to the management of the installation: the reduction in the tasks entrusted to the operator as well as the reduction of the costs related to the capital costs of the automation. Specificity with this type of feeding is related to the regularity in the composition of the gas, which is observed only during the cruising phase of a cycle. Introduction of biomass for a new cycle results in a break in the composition of the gas at the start of the cycle before getting a good quality syngas in the cruise phase of the cycle [22]. Moreover, in Patel’s study [23], the longer residence time of the biomass in the reactor (at a defined temperature) in batch mode allowed better conversion of the fuel and lower tar residues. Another advantage of the batch supply was described by Daouk [24]. In his experimental study, Daouk performed a comparison between the batch and continuous wood supply of an oxidising pyrolysis reactor. He found that the fuel consumption differed. He estimated the fuel consumption,     m ˙   w o o d     in kg/s, based on Equation (2):


    m ˙   w o o d   =  ρ  w o o d      u  z o    S r   



(2)




where    ρ  w o o d        is the wood density (kg/m3),    u  z o     is the speed of oxidation zone (m/s) and    S r    is the gasifier section (m2). Then, for a fixed air flow, the wood consumption was 3.73 kg/h for a continuous fuel supply against 1.66 kg/h for a batch fuel supply. The low rate of fuel consumption in batch allows a longer residence time of fuel and a better conversion of fuel at the cost of a more voluminous reactor.



In contrast to the batch method, the biomass could be continuously fed into the reactor. A continuous supply of the fuel has some advantages, the main one being a longer gasification process without time restriction and independent of the size of the gasifier [18,19]. The continuous biomass supply is commonly carried out by means of an electric automation, based on the solid bed levels in the reactor. Inversely to the batch supply, in a continuous supply, the loading and discharging processes are automatic [25]. Thus, the continuous supply mode is defined by a larger number of auxiliaries compared to the batch. This supply method must be performed continuously at regular intervals in order to maintain a cyclical rhythm in terms of inputs, keeping a more constant gas quality. The ashes must also be regularly removed to allow continuous recharging of the biomass [24]. As a consequence, the continuous supply system is more prone to gas leaks (input of biomass and extraction of ashes). The continuous supply method also imposes more constraint on the pretreatment (especially the size) of biomass particles before gasification. Therefore, the gasification process requires additional control points, more space occupation as well as additional operational costs. Its mechanism being more complex, it is more sensitive to the quality of the manufacturing.



Between the two possible supplying solutions, there is the semi-batch feeding mode which is defined by an initial feeding at the start of gasification, then by the addition of biomass into the reactor at a few regular time intervals. In this mode, ashes are not emptied out while the gasifier is working, they are removed once the gasification process is ended. The semi-batch supply of biomass includes auxiliaries which are, in addition to the gasification reactor, a biomass container fitted with a tight lid. This container is connected to the top of the reactor. The size and shape of the biomass particles are important in determining the difficulty associated with their feeding into the reactor. In this configuration, an operator manually puts the biomass into the container and opens the connecting section to allow the biomass to flow into the reactor. The aim of this feeding system is mainly to increase the gasification time compared to a conventional batch process and at the same time having a simplified system compared to continuous supply. The three methods are represented in Figure 3.



The evaluation of these three fuel supply options and the choice of one of them are based on the properties of the fuel, on the type of reactor, on the size of the installation and also on the properties of the expected syngas.




2.4.2. The Gasification Agent Supply Mode


The gasification agent can be supplied in two main ways into a gasifier: by aspiration with an induced draft fan or by insufflation with a forced draft fan. Different authors have worked on these two configurations. For example, Rakotosaona et al. worked on a gasifier design with the particularity of operating by aspiration. A centrifugal fan allows the air to be drawn into the reactor and at the same time to evacuate the syngas downstream [26]. Nevertheless, the gas aspiration downstream of the reactor remains relatively less widespread in gasification due to the larger mass flow rate, the risk of fouling, etc. According to the main objectives to reach, these two methods of air introduction will be considered to deduce the best option for the solution.




2.4.3. The Arrangement of the Flows in the Reactor


The arrangement of the flows in the reactor defines at the same time the type of reactor. Many types of reactor exist depending on the power range; see Figure 4. For this study, two types of reactor well-suited for electricity production at small scale were considered: the downdraft fixed bed and the bubbling fluidised bed [25,27]. In the following, these two reactors will be called fixed bed and fluidised bed, respectively. The differences between these two types of reactors are, firstly, the velocity of the gases in the reactor. In a fixed bed the velocity is low, while being much larger in a fluidised bed [28]. In addition, in the fixed-bed reactor there is a stratification of the process along the reactor. In fluidised bed, the different zones cannot be distinguished and the temperature is uniform throughout the bed.



The targeted objective, the production of electricity by burning the syngas in an internal combustion engine, permits us to limit the choice of the type of reactor to the solutions proposed above. The producer gas specifications for internal combustion engines are listed in Table 3 below [29,30].



The downdraft fixed bed was chosen, among other types of fixed beds, because it is the most suitable for this application [31,32]. In Table 4, the tar yield according to the type of gasifier is reported. In the downdraft fixed bed, the tar fraction in the raw gas (i.e., before the gas conditioning unit) is very low, from 0.01 to 6 g/Nm3. On the contrary, the updraft fixed bed produces a syngas with larger tar concentrations of 10 to 150 g/Nm3, which cannot be burnt in an engine without an extensive conditioning producing effluents [33,34]. Indeed, most internal combustion engines admit syngas with a maximum tar rate of much less than 1 g/Nm3 [35].



There are several types of fluidised bed reactors: bubbling fluidised beds (here called fluidised bed), circulating beds and pressured beds [36]. Only the bubbling fluidised bed is considered here. While it is usually suited for much larger powers [37]—see Figure 4—it has been included in the design phase to explore the opportunity of such a reactor at small scale in the very specific West-African conditions. Therefore, even if based solely on the information in Figure 4, the downdraft fixed bed is the best gasifier considering the size of the power plant, the bubbling fluidised bed can be a solution in the design morphological chart for its easier local manufacture, its suitability for rice husk fuel and its moderate gas-cleaning step.





2.5. Evaluating the Alternatives


Combinations of the three essential functions have been made, leading to nine possible options for the reactor technology. Thus, each reactor is a combination of the technological options, with respect to the mode of biomass supply (batch, semi-batch or continuous supply), air supply (aspiration or insufflation) and the type of the bed (fixed or fluidised bed), see Table 5. The combination of aspiration and fluidised bed is excluded for feasibility reasons.



The comparison of all these technologies is carried out based on the ten main objectives previously defined in Section 2.1. Each technology was assigned an impact score for each of the ten objectives. The weighted sum of the scores given to the reactor for achieving the different objectives allows us to identify the best combination.



The score of each technology is performed on a scale of −4 to 4. However, one technology, the batch fixed bed with insufflation, has been designated as a reference technology, with the score zero for all objectives. Indeed, it is easier to evaluate the performance of the different designs on a relative basis than on an absolute one.





3. Results


In Table 6, the designs are scored in the morphological chart. Thus, according to the methodology, scores are assigned according to an assessment given by relating each gasifier model to the objectives established in the study. The SBAF, the SBIF and the BAF have a score of +42, +38 and +12, respectively. These three reactors are better scored than the reference reactor BIF, which scored at zero by definition. The SBIF scores better than the BIF mainly because of the good efficiency of the reactor and the better gas quality. As said previously in Section 2.4.1, the batch supply mode has transient with low gas quality at each feed.



The SBAF and the BAF good scores are mostly due to the fact that the security of installation is better because the air aspiration permits us to avoid gas leaks that can be dangerous for human health by poisoning [38]. They are also more environmentally sustainable than the BIF because of the low gas leaks during human actions. The major negative points of these two reactors (SBAF and BAF) are due to the aspiration. They are less-resistant devices because syngas aspiration can damage the blower by the remaining heat of the exiting gas, even after the gas cleaning and cooling, or the tar deposits and their maintenance is laborious. The mode of introducing the biomass into the gasifier by semi-batch feeding (such as in SBAF and SBIF gasifiers) takes precedence over the batch and continuous modes. The semi-batch mode is better than the continuous mode because it is a less complex system to implement locally compared to the continuous system. The semi-batch is also better than the batch feeding because it allows a better gas quality, even if, for the first objective, the semi-batch supply system is more difficult to manufacture locally than the batch one. For the resistance and the multifuel eligibility, the semi batch is less advantageous because the feeding mechanism is more sensitive to biomass granulometry. However, the semi batch allows us to produce less unburnt by-products, and thus has a better conversion efficiency.



The fixed-bed reactor outweighs the fluidised bed one because the downdraft fixed bed produces a lower yield of tar and particles in the syngas than the fluidised bed [39]. The mode of air supply by aspiration is preferable to the insufflation because it mainly permits us to avoid gas leaks and improve security.



The reactors BIFL, SBIFL, CAF, CIF and CIFL score less than the reference gasifier BIF. The defined objectives are hardly reached with them. The BIFL is one of the worst reactors compared to the BIF; in fact, the fluidised bed is more difficult to implement locally, and it results in a bad gas quality due to particles and the tar level in the syngas. Additionally, the SBIFL and CIFL score lower because the fluidised bed reduces the multifuel eligibility as most of the time a pretreatment of the biomass (mostly a size reduction) is necessary for the bed fluidisation. The other objectives that are hardly reached with this type of gasifier are the local manufacturing, the resistance of installation and the maintenance of the devices due to the continuous mechanism or the fluidised bed implementation. In addition, the security of the installations is more sensitive to gas leaks because of the air blowing. The CIF and CAF reactors have bad scores caused mainly by the continuous fuel supply. Even if the CAF reactor is more secure thanks to the aspiration of air and the gas quality is better for this type of gasifiers (CIF and CAF) thanks to the continuous feeding [40]. The continuous mechanism of the CIF and CAF reactors is difficult to manufacture locally and its maintenance is also more difficult. However, one of the positive points is that it produces a good syngas quality and the conversion of the fuel is also better in continuous systems (of CIFL, CAF and CIF) because there are few solids at the end and less heat losses [24].



After comparison of the nine possible gasifiers defined by the morphological chart in Section 2.5, the Semi-Batch Fixed-bed reactor with Aspiration (SBAF) is the most in line with the established objectives; see Figure 5.



3.1. Reactor Configuration


The detailed design of a downdraft fixed bed gasifier requires several additional specifications. In fact, there are basically two types of downdraft fixed-bed reactors: the stratified reactor and the throated reactor. The stratified reactor has the shape of a cylinder, while the throated reactor, also called Imbert from the name of its inventor, has a constriction generally at one-third of its height from the bottom grid. The presence of a throat where the air is introduced promotes the oxidant/fuel mixture, on the one hand, and prevents the occurrence of relatively cold zones through which tars could pass without being cracked, on the other hand [41,42].



In the stratified downdraft reactor, the air is generally introduced at the same time as the biomass from the top of the reactor. In this case, the oxidation and pyrolysis phases move together in a flame front. This reduces the restrictions on the type and size of the fuel, but the concentration of tar in the produced gas is higher [43]. However, to decrease the production of tars, a double air injection can be carried out on the reactor, one at the top and one where the oxidation should take place. This sets the location of the three main reactions in the gasifier, pyrolysis, oxidation and reduction, helping to reduce the levels of tar [43,44].



In order to determine the most suitable type of reactor, an assessment of four different prototypes has been carried out according to the objectives. These prototypes are: an Imbert reactor with an air inlet, an Imbert reactor with double air injection; a stratified reactor with an air inlet and a stratified reactor with double air injection. To decide on the best configuration of the downdraft gasifier, these four reactors have been scored according to the ten defined objectives and the most suitable is the downdraft stratified reactor with double air injection. This choice was made mainly because the stratified gasifier is easier to manufacture locally, and the double air injection allows better gas quality.




3.2. Detailed Design of the Gasifier


Equations (3)–(5) were used to calculate the power of the syngas based on the lower heating value, the specific gasification rate (SGR) and the fuel consumption rate. The required power output, Q (kWth), is determined using Equation (3); where,    E  s y n g a s     (kWh), is the energy of the syngas based on the industrial unit needs and t (h) is the running time. Knowing the rice husker energy consumption per day, the engine efficiency is used to calculate the energy of the syngas fed to the engine (see Figure 6). Then, the biomass energy is deduced by applying the gasifier energy balance. This biomass energy corresponds, as previously determined in Section 2.3, to 200 kg/day of rice husk fuel based on the lower heating value of rice husk.


  Q     k W t h   =  E  s y n g a s   / t  



(3)







The specific gasification rate (SGR) is defined as the fuel consumption reported in the reactor section, and is expressed in Equation (4), where,     m ˙  f    (kg/h) is the fuel consumption rate and S (m) is the cross-sectional area of the reactor. The fuel consumption rate was determined using Equation (5); where,   L H V b m   (kJ/kg) is the calorific value of biomass and    η  g e f     (%) is the performance of the gasifier.


  S G R =   m ˙  f  / S  



(4)






    m ˙  f  =   Q     k W t h     L H V b m ∗  η  g e f      



(5)







Table 7 sums up the main characteristics of the designed reactor:




3.3. Design Plans of the Gasifier


The design methodology and the sizing have permitted us to obtain a final design converted into technical blueprints for the local manufacturing of a prototype. A sketch of the design is presented in Figure 7. The biomass is supplied in the hopper, then the operator opens the valve to let the biomass drop into the reactor. The air is split into two streams. The air passes through the pipes and enters in the double walls to be heated by the contact with the hot reactor walls, to finally arrive at the nozzles. The gas is recovered at the bottom of the gasifier. Ashes are removed at the end of the gasification process after cooling down by opening the ash trap. Next to the gasifier, there is a gas cleaning and cooling unit. This unit already exists and was not part of the design methodology, thus, the designed gasifier has been connected to it. The cleaning and cooling unit is composed of a cyclone, a heat exchanger to cool the gas and a rice husk filter with oil bubbler for tar removal. The product gas cleaning unit allows to remove particles and tars from gas.





4. Conclusions


This paper reports a methodology for designing a gasification reactor according to Cross’ approach. The definition of the objectives, the functional analysis, the specification of performances, the generation of solutions as well as their evaluation were the main steps to arrive to the reactor plans. Based on this approach, the Semi-Batch, Fixed-bed reactor with air Aspiration (SBAF) reactor was found to be the most suited to the design requirements and to the defined objectives, such as the local manufacturing, the security of installation or the gas quality. The SBAF consists in a downdraft fixed-bed reactor, with an introduction of air by suction and a semi-batch fuel supply. For this reactor, the description of the equipment and the completion of the technical plans were the last deliverables of the methodology. The designed reactor has an average consumption of biomass of 20.38 kg/h with a SGR of 101.9 kg/m2h. The syngas output power is 44 kWth.
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Figure 1. The seven stages of the design process, as proposed by Cross used to design the gasifier. Adapted from [12], with permission from publisher John Wiley and Sons, 2021. 
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Figure 2. The functional analysis of the gasifier with the main gasification functions, the secondary treatment functions and the product flows between the functions. 
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Figure 3. Representation of the three modes of biomass feeding (a) batch; (b) semi batch and (c) continuous. 
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Figure 4. Types of gasifier according to their output power. 
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Figure 5. Global scores of the nine designs relative to the BIF design. 






Figure 5. Global scores of the nine designs relative to the BIF design.



[image: Designs 05 00076 g005]







[image: Designs 05 00076 g006 550] 





Figure 6. The energy conversion from biomass to electricity use, with the gasification yield estimated at 60% of efficiency (equivalent to 40% of losses) and the engine yield taken at 25% of efficiency (equivalent to 75% losses). 
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Figure 7. The technical plans of the selected gasifier and the manufactured prototype. 
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Table 1. Real and relative weights of the main objectives and subobjectives of the design of a gasifier for application in West Africa.
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	Objectives
	Weights
	Subobjectives
	Real Weights
	Relative Weights





	Local manufacturing
	13
	Local material
	6.5
	50



	
	
	Local labour
	6.5
	50



	Safe installation
	13
	Safe for user
	6.5
	50



	
	
	Isolated reactor
	6.5
	50



	Gas quality
	12
	Fuel in engine
	10.8
	90



	
	
	Flare combustion
	1.2
	10



	Resistant device
	12
	Strong platform
	6
	50



	
	
	Resistant materials
	6
	50



	Accessible use for local users
	10
	Easy ignition and extinction
	2.5
	25



	
	
	Easy control of instrumentation
	2.5
	25



	
	
	Easy fuel supply and ash removal
	2.5
	25



	
	
	Intuitive device
	2.5
	25



	Maximum valorisation of the fuels
	9
	Good syngas
	4.5
	50



	
	
	Least heat losses
	1.8
	20



	
	
	Good conversion of biomass
	2.7
	30



	Environmentally sustainable
	9
	Efficient electric consumption
	1.8
	20



	
	
	Least use of water
	0.9
	10



	
	
	Conform to the standard of release on soil
	2.25
	25



	
	
	Conform to the standard of release into the atmosphere
	2.25
	25



	
	
	Quietly noisy
	0.45
	5



	
	
	No characteristic odour
	1.35
	15



	Easy maintenance
	9
	Long maintenance frequency
	0.9
	10



	
	
	No requirement of specific qualification
	8.1
	90



	Multi fuels
	7
	Local biomass
	7
	100



	Capacity
	6
	Satisfies the daily energy need
	6
	100
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Table 2. Physicochemical properties of rice husk considered for the design of the gasifier (data from [21]).
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Proximate Analysis (wt %)

	
Ultimate Analysis (wt %)






	
Moisture

	
9.8

	
C

	
38.8




	
Volatiles

	
59.9

	
H

	
4.6




	
Fixed carbon

	
14.7

	
N

	
1.3




	
Ash

	
15.6

	
S

	
0.3




	

	

	
O

	
29.6




	
Lower heating value (MJ/kg)

	

	
13.88
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Table 3. Gas quality requirements for internal combustion engines [29,30].
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	Component
	Unit
	IC Engine





	Particles
	mg/Nm3
	30



	Particles size
	μm
	<10



	Tar content
	mg/Nm3
	50–100



	Gas heating value
	kJ/Nm3
	>2500
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Table 4. Tar yield according to the type of gasifier [29].
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	Downdraft
	Updraft
	Bubbling Bed
	Circulating Bed





	Mean tar yield (g/Nm3)
	0.5
	50
	12
	8
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Table 5. The morphological chart of the designs.
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Batch

	
Semi Batch

	
Continuous






	
Aspiration

	
Insufflation

	
Aspiration

	
Insufflation

	
Aspiration

	
Insufflation




	
Fixed

	
Fixed

	
Fluidised

	
Fixed

	
Fixed

	
Fluidised

	
Fixed

	
Fixed

	
Fluidised




	
BAF

	
BIF

	
BIFL

	
SBAF

	
SBIF

	
SBIFL

	
CAF

	
CIF

	
CIFL 1








1 Batch (B), semi-batch (SB) and continuous (C) biomass supply; aspiration (A), and insufflation (I) air supply; fixed (F) and fluidised bed (FL) types of gasifier.
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Table 6. Comparative scores given to the different reactors for the different objective. Scores are relative to the BIF case.
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Objectives

	
Weight

	
Batch (6 Daily)

	
Semi Batch

	
Continuous




	
Aspiration

	
Insufflation

	
Aspiration

	
Insufflation

	
Aspiration

	
Insufflation




	
Fixed

	
Fluid.

	
Fixed

	
Fluid.

	
Fixed

	
Fluid.

	
Fixed

	
Fluid.

	
Fixed

	
Fluid.

	
Fixed

	
Fluid.




	
BAF

	

	
BIF

	
BIFL

	
SBAF

	

	
SBIF

	
SBIFL

	
CAF

	

	
CIF

	
CIFL






	
Local manufacturing

	
13

	
0

	

	
0

	
−2

	
−1

	

	
−1

	
−3

	
−4

	

	
−4

	
−4




	
Secure installation

	
13

	
3

	

	
0

	
−2

	
2

	

	
−1

	
−2

	
1

	

	
−3

	
−4




	
Gas quality

	
12

	
−1

	

	
0

	
−2

	
1

	

	
2

	
1

	
3

	

	
4

	
3




	
Resistant device

	
12

	
−1

	

	
0

	
−2

	
−2

	

	
−1

	
−3

	
−4

	

	
−3

	
−4




	
Use accessible to all

	
10

	
0

	

	
0

	
−2

	
1

	

	
1

	
−1

	
−2

	

	
−2

	
−4




	
Maximum recovery of fuels

	
9

	
0

	

	
0

	
−2

	
1.44

	

	
1.44

	
1

	
0.99

	

	
0.99

	
0.5




	
Environmentally sustainable

	
9

	
1.575

	

	
0

	
−1

	
0.45

	

	
0.675

	
−1

	
−2.475

	

	
−0.45

	
−2




	
Easy maintenance

	
9

	
−2

	

	
0

	
−3

	
1

	

	
2

	
−1

	
−4

	

	
−3

	
−4




	
Eligible multi-fuels

	
7

	
0

	

	
0

	
−3

	
−1

	

	
−1

	
−3

	
−2

	

	
−2

	
−4




	
Capacity

	
6

	
0

	

	
0

	
0

	
2

	

	
2

	
2

	
3

	

	
3

	
3




	
TOTAL

	
100

	
12

	

	
0

	
−195

	
42

	

	
38

	
−117

	
−116

	

	
−117

	
−216
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Table 7. Specific design characteristics of the semi-batch fixed downdraft gasifier.
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	Data
	Units
	Reactor





	Q [kWth]
	[kWLHV]
	44



	Average biomass consumption
	[kg/h]
	20.38



	Average air flow
	[kg/h]
	28.8



	SGR
	[kg/m2/h]
	101.9



	Reactor section
	[m2]
	0.2



	Reactor height
	[m]
	1.7
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