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Faits Saillants: 
Étant une pratique énergivore, l'industrie serricole canadienne a tout intérêt  à 

améliorer les gains en efficacité énergétique et à évoluer vers la mise en œuvre de technologies 
renouvelables et durables. Parmi les alternatives disponibles, les systèmes à la biomasse, en 
particulier ceux opérant avec le bois et les résidus de bois, ont été favorisés. Selon 
l'emplacement et les saisons climatiques, les températures ambiantes et les concentrations en 
CO2 sont souvent des facteurs confondants déterminant l'efficacité optimale de la 
photosynthèse des cultures en serre. Le caractère stimulant de la température et de 
l'enrichissement en CO2 sur la croissance des plantes, lesquels reposent conventionnellement  
sur des technologies à base de combustibles fossiles, a été largement démontré dans la 
littérature scientifique. Ces technologies sont cependant problématiques, car elles 
consomment beaucoup d'énergie et sont basées sur des ressources importées non 
renouvelables qui sont fortement soumises aux fluctuations du marché. La présente étude, 
menée au Campus Macdonald de l'Université McGill, examine la possibilité d'exploiter à la fois 
le chauffage et l’enrichissement en CO2 à partir de combustion et de gazéification de granules 
de bois. 

Les systèmes au bois ou aux granules de bois sont une alternative présentement viable 
pour le chauffage des serres et présentent certains avantages par rapport aux systèmes de 
chauffage à l’électricité et au gaz naturel. D'après nos recherches, ces trois différentes sources 
d’énergie sont viables tant du point de vue financier que celui des émissions de gaz à effet de 
serre, mais sans vainqueur à proprement dit. La capacité d'utiliser directement les gaz 
d'échappements d’une fournaise à bois est encore limitée, mais nos recherches ont montré 
qu'il sera possible de développer cette technologie (par le biais de la gazéification, d'une 
filtration par membrane gazogène ou d’un système catalytique) afin de permettre 
l'enrichissement en CO2 à l'aide du gaz d’échappement d’une fournaise à granules de bois. 

Objectif(s) et Méthodologie: 
L'objectif de ce  projet a visé à la fois l'adaptation technologique et la recherche appliquée sur 
l’implantation d’un système de chauffage durable aux granules de bois dans une serre de 
recherche et d'enseignement située à l'Université McGill. Les granules de bois sont connues 
comme ayant de plus faibles émissions de carbone et des coûts réduits, mais des informations 
spécifiques quant à l’application énergétique et l’empreinte carbone totale pour chauffer une 
serre sont encore inconnues. Les objectifs de recherche furent les suivants : 1) Installer un 
système de chauffage aux granules de bois. 2) Effectuer les essais de combustion et d'émissions 
du système de chauffage et procéder à l'enrichissement en CO2 de la serre afin de déterminer la 



productivité des plantes et leur utilisation/captation du CO2. 3) Déterminer l'empreinte 
énergétique et l'efficacité d'utilisation du carbone grâce aux données amassées lors des 2 
premiers objectifs. 

Résultats Significatifs pour l’Industrie: 
Objectif 1: Le chauffage à la biomasse résiduelle est utilisé de plus en plus par l’industrie 

serricole afin de réduire les coûts d’opérations et les impacts environnementaux. L’objectif de cette 
recherche était d’examiner la possibilité d’utiliser le dioxyde de carbone (CO2) des gaz 
d’échappement d’un système de chauffage à la biomasse afin d’enrichir les serres en CO2 et de 
favoriser le rendement des cultures. Par rapport à la combustion directe, la gazéification de la 
biomasse offre un meilleur contrôle, ce qui permet de réduire les émissions atmosphériques. La 
gazéification est une réaction thermochimique qui convertit la biomasse solide en un combustible 
gazeux, le syngas. Des expériences ont été réalisées à l’Université McGill (Montréal, QC, Canada) 
pour étudier les performances d’un gazogène à courant descendant, alimenté avec des granules de 
sciure de bois. Les données de température et de pression ont fourni des informations sur les 
températures de gazéification optimale, le niveau de combustible dans le réacteur, les besoins 
d’agitation de la grille de cendre, la détection de micro-explosions et les chutes de pression au 
travers du lit de charbon du réacteur et du filtre au charbon. Le gazogène a fonctionné avec un ratio 
d’équivalence (i.e. le ratio réel par rapport au ratio stoichiométrique de l’air et du combustible) 
moyen de 0.17, inférieur à la valeur optimale de 0.25, et une efficacité de 59%. La combustion du 
syngas a produit une moyenne de 8.8 ppm de monoxyde de carbone (CO), dont 60% des essais ont 
respecté les normes de qualité de l’air, et 90% ont été en-dessous de 20 ppm. Le dioxyde de soufre 
(SO2) a été indétectable à une résolution en ppm, et les émissions d’éthylène (C2H4) ont été 
inférieures à la concentration critique de 50 ppb pour l’enrichissement en CO2. La moyenne 
d’oxydes d’azote (NOx) a été de 23.6 ppm et devrait être réduite pour des opérations commerciales. 
Le gazogène alimenté aux granules de bois, avec une consommation de 7.7 kg/hr, pourrait fournir 
22.9 kW d’énergie thermique et enrichir une serre d’une surface de 1540 m2. Les résultats indiquent 
que la gazéification de biomasse, couplée à la combustion de syngas, est une alternative 
prometteuse par rapport au propane et au gaz naturel pour l’enrichissement des serres en CO2, 
puisque davantage de CO2 par unité d’énergie est fournie et ce, à partir d’un combustible 
renouvelable. 

Objectif 2: Lorsque l'on compare l'enrichissement d’une serre en CO2 par le propane à une 
serre non enrichie en CO2, la serre enrichie produit des rendements plus élevés (entre 200% et 
400% de plus) pour des plants de laitues et de tomates. Cette comparaison a d’abord été faite, pour 
le système au gaz d’échappement de granules de bois, à partir d’un tube de transfert fait en 
membrane de séparation (polyéthylène) et ensuite, pour le système au propane, à partir 
d'enrichissement direct d’un brûleur au propane avec une concentration de CO2 enrichie à 
1100ppm. Lorsque l'effet de la température a été retiré de la production de laitues et de tomates, il 
n'y avait pas de différence significative entre les deux techniques d'enrichissement. Un deuxième 
système d'enrichissement par le gaz d'échappement des granules de bois a été expérimenté en 
utilisant un système fait maison moyennant l’utilisation d’un catalyseur. Cependant, les plants de 
tomates ainsi que les plants de laitues ont significativement mieux performés en utilisant le 
système d'enrichissement au propane comparé au système d'échappement catalytique au bois. De 
plus, les plants de laitues ont été sévèrement limités en croissance lorsque le système 
d'échappement au bois a été utilisé. Grâce à une analyse des gaz, il fut possible de convertir les 



niveaux de CO en-dessous des niveaux nocifs pour les plantes avec le convertisseur catalytique, 
sans toutefois éliminer le NO2, le NO et le SO2 des gaz d'échappement de la combustion du bois. 
Selon la littérature, ce sont les plants de laitues qui sont surtout affectés par ces gaz comparés aux 
plants de tomates. De ce fait, il est impératif de perfectionner davantage le processus de catalyse 
afin d’éliminer ces gaz avant qu’un système de convertisseur catalytique puisse être commercialisé 
pour le gaz d’échappement issus des granules de bois. Cependant, le fait d’avoir réussi à éliminer le 
CO, grâce au convertisseur catalytique, prouve qu'un tel système pourrait éventuellement être 
utilisé pour purifier les gaz d'échappement d'une fournaise à granules de bois afin d’être utilisé 
pour l'enrichissement en CO2 dans une serre. 
 
Ces expériences présentent des résultats très prometteurs sur la possibilité d'utiliser une fournaise 
aux granules de bois pour à la fois chauffer et utiliser les gaz de combustion comme source 
d'enrichissement en CO2 dans une serre. Des progrès considérables ont été réalisés au cours de ces 
expériences et des recherches supplémentaires sont attendues pour améliorer le système de 
purification du gaz d’échappement. Le catalyseur pourrait être légèrement modifié de façon à 
réduire les NOx à un niveau tolérable pour les plantes. De plus, un filtre à particules d’air devra être 
ajouté dans le système afin de protéger le catalyseur de la poussière produite par le processus de 
combustion. Cela permettra ainsi d'assurer l'efficacité continue du convertisseur catalytique et 
d'éviter le risque d’avoir une concentration trop élevée de particules dans l'air ambiant de la serre. 
Enfin, le système de filtrage sera rectifié afin de pouvoir être contenu dans une boîte, ce qui 
facilitera son installation sur une fournaise et donc sa commercialisation. 
 
Objectif 3

 
La tendance générale de l'estimation est que, suivant une augmentation de l'efficacité thermique et 
de la combustion, l'utilisation de granules de bois pour chauffer une serre coûterait moins cher que 
le chauffage à l'électricité. Aussi, au Québec, les émissions de GES du cycle de vie des granulés de 
bois sont plus élevées que celles produites avec l'électricité puisque l'électricité produite par Hydro-
Québec est considérée «propre», étant donné que 90% de l'électricité est d'origine hydraulique. De 
plus, les frais d'électricité sont beaucoup plus faibles au Québec que dans les autres provinces, mais 
la différence entre les coûts des granules de bois et de l'électricité serait plus grande pour le reste 
du Canada. Avec une combinaison différente de génération d’électricité au Québec, les émissions 
de GES augmenteraient. Toutefois, il a été supposé que l'utilisation actuelle de l'électricité ne 
générerait pas d'émission. Malgré tout, dans le cas d’une augmentation des rendements 
thermiques et de combustion de la fournaise à granules de bois, il en résulterait une réduction des 

: Cette étude a porté sur la consommation d'énergie, les émissions de GES et les coûts de 
la serre pour le campus Macdonald, situé à Ste-Anne-de-Bellevue, au Québec. L'analyse a été 
réalisée à l'aide de tomates, de poivrons, de concombres et de laitues. Afin d’étudier les émissions 
totales de GES pour les serres, une analyse du cycle de vie a été réalisée selon leur différents types 
de combustible (granulés de bois, gaz naturel et électricité) et types de production. Les limites du 
système pour ces trois combustibles furent établies en commençant par l'extraction de la matière 
première et sa conservation jusqu’à l'utilisation finale du combustible. Puisque le chauffage est la 
principale source des coûts dans une production serricole et que les concombres exigent 
l’environnement le plus chaud parmi les productions mentionnées ci-haut, les coûts d'opération de 
cette production en particulier furent les plus élevés. Donc en résumé, pour l’utilisation d’un même 
carburant, les émissions de GES pour une production en serre  sont plus élevées pour les 
concombres par rapport aux autres légumes et fruits. 



coûts d'utilisation des granules de bois pour le chauffage de serres au Québec, passant au-dessous 
de ceux de l'électricité. 
 
Les résultats indiquent que l'utilisation du gaz naturel pour le chauffage d’une serre coûte moins 
cher que l’utilisation des granules de bois. Cependant, les émissions de GES du cycle de vie du gaz 
naturel sont plus élevées que pour les granules de bois. Il est important de prendre en compte le 
fait que dans cette étude, les coûts de dépollution n'ont pas été inclus. Puisque le gaz naturel 
génère des émissions de GES supplémentaires, les coûts de dépollution seraient plus élevés. Une 
étude sur les coûts de réduction des GES des serres chauffées au gaz naturel permettrait d’établir 
une meilleure comparaison entre les sources de carburant. Les coûts du chauffage au gaz naturel 
devraient dépasser ceux des granules de bois lorsque le prix du gaz naturel dépasse 38,75 cents par 
m3. Toutefois, considérant les préoccupations croissantes en matière d'environnement tels que le 
réchauffement climatique, les granules de bois, dont les émissions de GES de combustion ont été 
considérées comme neutres en carbone, seraient bénéfiques pour la réduction des émissions de 
GES à long terme. 
 

 

Figure 1: Photo de l'enrichissement de CO2 provenant du four à granuels de bois avec des plants de 
laitue et de tomate. 
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1. Dion, L. M., M. Lefsrud and V. Orsat. 2011. Review of CO2 recovery methods from the exhaust 
gas of biomass heating systems for safe enrichment in greenhouses. Biomass and Bioenergy 
(35): 3422-3432.  

Abstract: The article describes novel approaches to practice CO2 enrichment in greenhouses from 
the exhaust gas of a biomass heating system are reviewed. General CO2 enrichment benefits for 
greenhouse plant production are described along with optimal management strategies to reduce 
fuel consumption while improving benefits. Alternative and renewable fuels for CO2 enrichment, 
landfill biogas and biomass, are compared with traditional methods and fuels. Exhaust gas 
composition is outlined to address the challenges of CO2 enrichment from biomass combustion 
and leads to a comparison between combustion and gasification to improve boiler efficiency. In 
terms of internal modifications to a biomass heating system, syngas combustion, following 
biomass gasification, presents good potential to achieve CO2 enrichment. Regarding external 
modifications to clean the exhaust gas, CO2 can be extracted from flue gases via membrane 
separation that has shown a lot of potential for large industries trying to reduce and isolate CO2 
emissions for sequestration. Other research has optimized wet scrubbing systems by extracting 
SO2and NO emissions from flue gases to form ammonium sulphate as a by-product valuable to 
fertilizer markets. The potential of these techniques are reviewed while future research directions 
are suggested. 
 
2. Dion, L.M., M. Lefsrud, V. Orsat. Biomass gasification and syngas combustion for greenhouse CO2 

enrichment. BioResources. Submitted and under review. 
Abstract: Greenhouse carbon dioxide (CO2) enrichment from biomass residues was investigated 
using exhaust gas from combustion of syngas produced by gasification. Near complete syngas 
combustion is essential to achieve CO2 levels which stimulate plant yield while maintaining a 
safe environment for workers. Wood pellets were supplied to a downdraft gasifier to produce 
syngas fed to a steel swirl burner.  The burner required an equivalence ratio (the actual air to fuel 
ratio relative to the stoichiometric air to fuel requirements) of 2.6 for near complete combustion. 
Concentrations of sulphur dioxide (SO2), and ethylene (C2H4) emissions were either below 
critical concentrations or negligible. In 60% of the trials, carbon monoxide (CO) emissions were 
below ASHRAE standards for indoor air quality. However, average nitrogen oxides (NOx) 
emissions were 23.6 ppm and would need to be reduced below the 0.05 ppm to respect ASHRAE 
standards. Proposed improvements to the syngas burner design to lower NOx emissions and 
increase efficiency are: integration of a low swirl design, mesh catalysers, a higher quality 
refractory material and a more efficient heat exchanger. Theoretically, combustion or 
gasification of biomass could provide more CO2 for greenhouse enrichment than propane or 
natural gas per unit of energy. 
 
3. Dion, L.M., M. Lefsrud. 2010. Generating usable and safe CO2 for of greenhouses from the exhaust 

gas of a biomass heating system. CIGR Paper 101227, XVII World Congress of CIGR, Quebec City, 
Canada, June 13-17. 

Abstract:  CO2 enrichment of greenhouses has been well proven to improve crop production whether 
it occurs from liquid CO2 or combustion of fossil fuels. The main objective of this research is to 



demonstrate the use of a renewable fuel, biomass, to enrich a greenhouse with CO2. Biomass, in the 
form of wood chips or pellets, has received considerable interest as a sustainable and economically 
feasible alternative to heat greenhouses. Therefore, there is an opportunity to convert exhaust gases 
from a greenhouse wood heating system into a useful resource. Carbon dioxide can be extracted from 
flue gas via membrane separation which could prove to be an economical alternative to electrostatic 
precipitators. This technique has shown a lot of potential for large industries trying to reduce and 
isolate CO2 emissions for sequestration and could be applicable to the greenhouse industry for 
enrichment. Additionally, some research has been done with wet scrubber using particular catalysts 
to obtain useful plant fertilizer. Sulphur (SO2) and Nitrogen (NO) emissions can be stripped out of 
flue gas to form ammonium sulphate as a by-product valuable to fertilizer markets. The potential of 
these techniques will be reviewed while experiments conducted at the Macdonald Campus of McGill 
University will begin in summer 2010. 
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a b s t r a c t

Novel approaches to practice CO2 enrichment in greenhouses from the exhaust gas of

a biomass heating system are reviewed. General CO2 enrichment benefits for greenhouse

plant production are described along with optimal management strategies to reduce fuel

consumption while improving benefits. Alternative and renewable fuels for CO2 enrich-

ment, landfill biogas and biomass, are compared with traditional methods and fuels.

Exhaust gas composition is outlined to address the challenges of CO2 enrichment from

biomass combustion and leads to a comparison between combustion and gasification to

improve boiler efficiency. In terms of internal modifications to a biomass heating system,

syngas combustion, following biomass gasification, presents good potential to achieve CO2

enrichment. Regarding external modifications to clean the exhaust gas, CO2 can be

extracted from flue gases via membrane separation that has shown a lot of potential for

large industries trying to reduce and isolate CO2 emissions for sequestration. Other

research has optimized wet scrubbing systems by extracting SO2 and NO emissions from

flue gases to form ammonium sulphate as a by-product valuable to fertilizer markets. The

potential of these techniques are reviewed while future research directions are suggested.

ª 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Aworldwide shift in policy is currently forcing most industries

and governments to reduce greenhouse gas emissions and

reduce their dependence on fossil fuels. In northern climates,

the horticulture industry has not been spared of these changes

due to their high energy consumption. Greenhouse operators

must address this issue by balancing energy efficiency through

structural or fuel saving techniques, while keeping growing

conditions optimal in order to compete with an international

market for commodities. Specifically, heating requires

improvements as it represents around a quarter of operational

costs depending on the energy source (oil, gas, electricity, or

biomass) [1]. It is to thegrowers’ advantage to reduce theannual

energy cost and, consequently, the environmental footprint of

greenhouse operation. Within the last decade, fluctuations of

fossil fuel prices have increased the necessity to explore alter-

nativesystemsand thishasallowedbiomassheating tobecome

an economically viable option [1]. Biomass has been recognised

as a sustainable renewable fuel alternative that can also reduce

greenhouse gas production [2]. The life-cycle global warming

potential of combined heat and power systems fuelled with

* Corresponding author. Tel.: þ1 514 398 7967; fax: þ1 514 398 8387.
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biomass is much lower than for systems poweredwith natural

gas [3]. Carbon dioxide (CO2) emissions from biomass heating

systems still occur at the chimney due to the natural thermo-

chemical reaction of combustion [4]. However, considering

thatbiomass combustion releases, atmost, the sameamountof

CO2 that was absorbed via photosynthesis in the plant’s life

cycle, the technology is thus considered carbon neutral [5].

Using waste exhaust gases from a heating system can be

beneficial to the growth of greenhouse plants by providing

a viable source of carbon dioxide [6]. CO2 enrichment is one of

the commonly accepted techniques to enhance photosynthesis

resulting in improved yields and income [7]. Enrichment is

commonly practicedwith pure CO2 in bulk or from combustion

of hydrocarbon fuel (natural gas or propane). Usually, these

fuels are employed in dedicated burners to provide CO2 while

a separate heating system provides most of the heat to the

greenhouse [8]. CO2 enrichment from the exhaust of a natural

gas or propane heating system has proven to be feasible, but

using renewable energy could have further benefits. However,

very little research has been performed on the feasibility of

using CO2 from a biomass heating system, such as from a corn

stove or landfill biogas, and no known publication and

commercial application has emerged from the private sector to

this day [9,10]. With the optimization of carbon absorption by

plants, a greenhouse fed with the clean exhaust of a biomass

heating system could benefit from an overall greenhouse gases

reduction. CO2 enrichment from exhaust gases could be

a means to reduce carbon emissions directly at the source

through greenhouse grown plant uptake. Such an initiative

could be part of a carbonmarket and sequestration incentive.

In practice, CO2 enrichment from the exhaust gas of

biomass boilers is still challenging and expensive, considering

the current equipment and exhaust gas composition [1].

However, recent technological developments in biomass

thermo-chemical conversion and flue gas conditioning, such

as wet scrubbers and membrane separation, could help

reduce costs and make this process more feasible. This paper

provides an overview of different CO2 enrichment benefits

and practices from exhaust gas recovery. The usual compo-

sition of exhaust gases will be detailed to understand the

various challenges in obtaining clean CO2 from heating

systems. This review will also concentrate on the potential of

CO2 enrichment from biomass flue gases. For that purpose,

common techniques will be addressed, but the focus will

remain on exploring maturing technologies that may be

applicable in order to address future research directions.

2. CO2 enrichment benefits

Carbon dioxide is fixed and reduced into simple sugars during

photosynthesis. The series of carbon-fixation reactions is called

theCalvincycle.However,CO2 reaches thiscycle throughoneof

three metabolic pathways depending on the plant species [11].

The C3 pathway is used by themajority of plants on Earth such

as common cereal grasses, soybeans and potatoes. The C4

pathway ismore efficient at fixingCO2 and achievinghigher net

rates of photosynthesis that make C4 crops such as corn and

sugarcane thrive in dry, warm climates under atmospheric CO2

concentrations [11]. The CAM plants, such as Cactaceae, are

common in arid and desert conditions. They also use the C4

pathway but operate at night to compensate for daytime high

temperatures and reduce water losses. The C3 plants are the

most common greenhouse crops, but they are less efficient at

fixing CO2when concentrations are around ambient CO2 levels,

which is currently estimated at 388 ppm [12]. For greenhouse

production applications, this reduced photosynthesis effi-

ciency is due to aprocess referred to as photorespiration,which

occurs in sunlight and is the consequence of the Ribulose-1,5-

bisphosphate carboxylase oxygenase (RuBisCO) enzyme

combining with oxygen (O2) instead of CO2 during the Calvin

cycle. The plant releases someCO2 during the day instead ofO2,

and as much as half of the CO2 fixed may be returned to the

atmosphere [11]. Themainconsequenceofphotorespiration for

greenhouse operators is reduced biomass yield.

C4 and CAM plants have evolved to use better metabolic

mechanisms to reduce photorespiration problems directly, but

they do not represent the majority of agricultural and green-

house crops. For C3 plants, raising CO2 concentrations in

a greenhouse limits photorespiration by reducing the binding

affinity of RuBisCO in the plant to absorb O2 [13]. Consequently,

yields of C3 plants are improved because of a higher photo-

synthetic rate, creatingmore carbohydrates that translates into

increased biomass [14]. Benefits of CO2 enrichment are widely

documented for commercial greenhouse crops, including

fruits, flowers and vegetables, such as tomato, cucumber,

pepper, lettuce and rose [6,13,15,16]. Yield increases are

observed in C3 plants whether it is through larger total dry

mass, bigger and more numerous fruits, larger leaves and

flowers, as well as earlier flowering time and reduced overall

production time. On average, greenhouse crops benefit from

concentrations between 700 and 1000 ppm, which produces

yield increases from 21 to 61% in dry mass [10,13,14,16e19].

Each crop responds differently and has a particular optimal

enrichment CO2 concentration level. These optimal levels can

help overcome the inherent C3 pathway inefficiency, but

concentrations higher than 1500 ppm can cause permanent

damage to some plants such as chlorosis, necrosis and curling

of the leaves [13]. Mortensen (1987) had also reported the

impacts of CO2 enrichment on various crops indicating that the

technique does not systematically increase themarket value of

every plant [13]. Rachmilevitch et al. (2004) stressed that

photorespiration should not be completely adverted since they

observed that elevated CO2 concentrations inhibit nitrate

assimilation for Arabidopsis, barley, tomato and wheat [20].

However, they also point out that this potential reduction of

nitrogen uptake depends on which form nitrogen is available,

such as NO�
3 ; NHþ

4 , etc. [20]. Additionally, the beneficial effects

of CO2 enrichment strongly depend on the interrelationship of

other greenhouse environmental parameters, such as

temperature, photoperiod, relative humidity, nutrients and

irrigation schedule. Much research has been done to optimize

the levels and control strategies of CO2 injection in green-

houses according to these factors [7,21e25].

Other benefits from high CO2 levels include promotion of

hormonal responses in terms of enhanced secondary

compounds such as essential oils and antioxidants [26,27].

Moreover, the yield benefits from CO2 enrichment can coun-

terbalance any reduction in sunlight irradiance that would

normally result in decreased plant growth. For instance, CO2
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enrichment can fully compensate a 30% decrease in daylight

for Chrysanthemum [28]. Other studies demonstrated water

use efficiency improvements for soilless cucumber crops in

terms of growth and yield, and not by reduction of plant water

uptake and transpiration [14]. Enriched crops also caused less

nutrient leaching due to the increased biomass production [14].

3. Common practices for CO2 enrichment

CO2 enrichment is recommended from sunrise until sunset

and the rate will depend mostly on crop type, crop age, CO2

loss and ventilation rates [13]. As a general rule of thumb,

Hinklenton’s guideline (1988) suggested an injection rate of

5.6 g CO2/(m
2h) to achieve an average optimal concentration

of 1000 ppm [6]. However, in practice, it is not surprising to see

producers injecting CO2 at rates of 20 g/(m2h) and up to 50 g/

(m2h) [23]. Ventilation is the major parameter that has the

most influence on CO2 enrichment performance. In winter,

since ventilation is reduced, CO2 can reach levels close to

depletion (below ambient levels) if not supplied, while in

summer, during full ventilation, most of the CO2 injected will

be lost to the atmosphere [29]. Economically, it is preferable to

reduce enrichment during high ventilation periods. One

management strategy is to inject CO2 only to prevent deple-

tion, thus remaining at atmospheric levels, while benefiting

from some yield improvements and lower costs [25]. Other

strategies involve maintaining concentration at atmospheric

levels during the ventilation period and enriching up to

800 ppm when the greenhouse is kept closed (mornings and

late afternoons during the summer and most of the winter)

[29]. Alternative cooling systems, such as geothermal or

aquifer cooling, are also promising technologies to reduce the

necessity of frequent air exchanges and preventing substan-

tial losses of CO2 [30]. In addition, recent plant science

research advocates for a plant based approach to CO2

enrichment. It has been observed that plants only fix a portion

of the generated CO2 at a time [23]. An example with CO2

enriched tomato cultures showed that the plants were accu-

mulating an excess amount of starch compared to their ability

to convert carbon for the benefit of fruit growth. Edwards

(2008) suggested that the leaf mass per unit area could be used

as a promising indication to determine if the plant had

a surplus of carbon and if enrichment should be postponed.

Therefore, a plant based approach for CO2 enrichment, as

suggested by Edwards (2008), could prevent overdosing and

wasting of CO2 to the atmosphere.

A common source of CO2 is liquefied carbon dioxide from

a pressurized tank, and is a safe option to ensure quality gas

injection [16]. The reservoir capacity can range from 20 kg to

52,000 kg of CO2. Pure CO2 facilitates the control of desired

concentrations, but remains the most expensive source [8]. In

comparison, fuel combustion is a cheaper alternative in terms

of both fixed and operational costs [8]. Propane is a popular

fuel and consists of a mixture of 65% propane and 35%

propylene. The latter is phytotoxic following incomplete

combustion. Small common burners will consume 1 kg of

propane to produce around 3 kg of CO2 [6]. Depending on the

access to the supply, natural gas, when used for CO2 enrich-

ment only, is safe and economical, which makes it an even

more popular alternative [8]. A general burner will consume

1 kg of natural gas to produce 2.1 kg of CO2 [8].

4. CO2 enrichment from exhaust gases

Exhaust gases taken from heating systems provide a “free”

source of CO2 for greenhouses enrichment. It can be consid-

ered “free” since it is a waste product of necessary heating but

the method requires adjustments and investments for

installation and maintenance [6]. The technique has some

technical challenges but remains possible as long as optimal

management strategies are followed including cooling the flue

gas, and removing all toxic compounds. Work by Chalabi et al.

(2002) has also confirmed significant economic benefit of CO2

enrichment from exhaust gases over pure CO2 [21].

4.1. Optimal management strategies

Heating periods might not always coincide with CO2 enrich-

ment periods, thus requiring management strategies for

optimal efficiency. Heating occurs mostly at night (depending

on climate), while CO2 enrichment is required only during

daytime lighting periods for photosynthesis. A typical solu-

tion, found in many commercial greenhouses in Holland,

France and Canada, for example, is to store the excess heat in

hot water or a thermal fluid in a large insulated tank during

the day when producing CO2 for the plants. The heat reservoir

acts as a buffer and the hot fluid can then heat the greenhouse

during the night via a forced air system or radiation pipes [21].

Another option, suggested for mild winter climates, is to

enrich only in the mornings and late afternoon, when the

solar energy intake for the greenhouse is low. This morning/

evening method has proven to be useful since ventilation

typically does not function during these time periods and

increases enrichment efficiency [29]. A research project in

France on tomato plants reported that injecting higher

concentrations of CO2 than required, starting one hour before

sunrise and for two subsequent hours, has produced similar

results to continuous daytime enrichment [31]. From a model

developed by Chalabi et al. (2002), it was determined that

optimal enrichment procedures during the daytime increase

yields by 11% and this benefit increases to 24% when using

heat storage strategies [21].

4.2. Natural gas and other hydrocarbons

Assuming proper combustion, natural gas is typically

accepted by industry to produce clean CO2 from exhaust gas

and can be directly injected into the greenhouse [21]. It also

serves as a better heat source than propane when supplying

CO2 [6]. Since heating and enrichment do not always coincide

in the same time period, Chalabi et al. (2002) reported that

enrichment using natural gas typically increases fuel

consumption by 25% from what is used for meeting the

greenhouse heating requirements only [21]. However, this

observed value could be reduced since it strongly depends on

optimal enrichment strategies, including usage of heat

storage tanks. Enrichment during heating periods does not

increase fuel consumption [21]. CO alarms are required inside
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the greenhouse since incomplete combustion of natural gas

could be harmful, both for plants and humans. CO2 concen-

tration is typically controlled via on/off modulation of the

burner linked to CO2 sensors strategically placed in the

greenhouse [6]. Water vapour can also be a concern and

should be removed via condensers as it can cause fungus and

mould growthwithin the glasshouse [1]. Standard greenhouse

practices dilute the exhaust gas with outside air that

condenses water vapour, decreases the flue gas temperature,

and reduces harmful gas concentration to acceptable levels.

The cool diluted gases are then distributed throughout the

greenhouse with standard circulation fans or perforated

plastic tubes [21].

4.3. Landfill biogas

Combustion of biogas, collected from a landfill, has been

promoted by researches and proven viable to supply both

heating and CO2 [10,32]. In a demonstration project, the

extracted gas was directed into a combustion boiler that dis-

charged the CO2 inside a greenhouse once it was purified [10].

Using biogas has its share of challenges, given that it is

a mixture of methane, carbon dioxide, residual oxygen and

nitrogen along with hydrogen sulphide, various mercaptans,

fat acids and more than 200 VOCs. Since biogas is extracted

from a heterogeneous landfill, its composition can vary

significantly. For instance, methane content can range

between 23 and 54% depending on the conditions. The VOCs

are predominantly destroyed once the gas is flared at over

900 �C. Sulphuric acid is produced in the boiler from the

reaction of SO2 with water, which increases corrosion. Rust

appears in most exhaust gas recuperation systems and can be

avoided using stainless-steel equipment at a cost. A gas

scrubber using a chemically reactive liquid purifies the gas

from acid contaminants with periodic addition of NaOH or

KOH to maintain pH above 8.0 [10]. To reduce risks of toxicity,

the exhaust gas is cooled down and diluted up to 50 timeswith

fresh air. Compounds such as CH4, CO2, O2, H2S, SO2 NO, NO2,

C2H4 and other VOCs are typically not detected at the exit of

the scrubber after combustion [10]. Jaffrin et al. (2003) reported

that most toxic gases were found to be diluted and undetect-

able once injected in the greenhouse. Carbonmonoxide, while

detectable, was well below ASHRAE safety regulations [10].

Thereafter, they observed a 30% yield increase in the supple-

mented greenhouse. These results show promising use of

landfill biogas even though little additional research has been

published on other commercial applications. Their method-

ology also hints at practices, such as high temperature

combustion, the use of scrubbers and proper dilution, which

could be applicable for biomass heating systems with

contaminated exhaust gas. Further research could assess the

economics of such procedure compared to the gains from the

increased yields.

5. CO2 enrichment from biomass heating
systems

Biomass is a very broad term encompassing many sources of

non-fossilized and biodegradable organicmaterials, which are

derivatives of plants as a result of photosynthesis or are

originating from animals andmicro-organisms [5]. Around 1%

of the incoming solar radiation energy is converted by plants

into chemical energy via photosynthesis [33]. This available

energy within biomass can then be released or converted into

other high energy content products via thermo-chemical or

bio-chemical processes. Biomass with lowermoisture content

(below 50%) can release energy, fully or in part, as heat

through thermo-chemical processes such as combustion,

gasification or pyrolysis [34]. Biomass with, but not limited to,

high moisture content can be converted with bio-chemical

processes, such as fermentation and anaerobic digestions,

into liquid and gaseous fuels [34]. Common biomass resources

can include products, by-products, residues and waste from

agriculture and forestry industries along with non-fossilized,

biodegradable industrial and municipal wastes [5]. Whether

provided in its raw form or processed as pellets, chips, brick-

ets or others, biomass can be an appropriate fuel to provide

both heat and CO2 to a greenhouse via combustion or other

thermo-chemical processes. Biomass is acknowledged to be

renewable bymany governmental institutions and has proven

to be profitable in some commercial applications even when

compared with natural gas [35]. Biomass heating is found to

sustain heating requirements of large surface buildings in

northern winters, which makes it ideal for greenhouse oper-

ations. Over the last decade, biomass heating, with wood

chips from forestry residues, has become viable and widely

adopted in Europe and North America [1].

However, biomass combustion is not as clean as natural

gas combustion. While it produces CO2 and water vapour as

well, it also leads to higher emissions of NOx, SOx, CO, and

VOCs. Still, the overall life-cycle greenhouse gas emissions of

biomass compared to natural gas are much lower [36].

Therefore, more CO2 is emitted at the stack of the biomass

boiler, but when considering resource extraction, trans-

portation, transformation, use and disposal, and carbon fixa-

tion by trees, the carbon balance is better than with natural

gas [3]. In terms of enrichment applications, combustion of

dry and clean wood biomass can produce two times more

useful CO2 than natural gas for the same energy unit [1]. Exact

flue gas composition depends on furnace technology and

efficiency. A well adjusted flow of oxygen should be pumped

in the combustion chamber to limit VOCs and CO leakage.

However, this process might cool down the exhaust gases

prematurely to a point preventing conversion of CO into CO2

[37]. Additionally, considering the vast selection of solid dry

biomasswith distinct properties, emission characteristics and

efficiency may differ significantly from one source to another.

The Quebec greenhouse research center, “Centre d’infor-

mation et de développement expérimental en serriculture”

(CIDES, Canada), has performed an experiment using corn as

a fuel source to supply CO2 to a greenhouse [9]. The exhaust

gas was injected directly in the greenhouse without requiring

particulate or pollutant removal. They reported that 1.7 kg of

CO2 was produced from 1 kg of corn. In comparison, propane

yields 3 kg of CO2 per 1 kg of fuel. The costs were approxi-

mated to be 0.11 CAN$/kg for corn, 0.18 CAN$/kg for propane

and 0.17 CAN$/kg for natural gas. In that study, the concen-

trations of the NOx, SOx, CO and ethylene were below toxicity

levels, while fine particulates were not listed in the report [27].
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The design and combustion efficiency of the furnace used in

the experiment were not mentioned, and could be areas of

improvements for this CO2 enrichment method. Nonetheless,

these results reveal the potential of using biomass for CO2

enrichment.

5.1. Exhaust gas composition and toxicity

Ideally, complete combustion of hydrocarbons produces heat

and emits CO2 and water vapour. However, in practice, heat-

ing systems cannot reach 100% combustion efficiency.

Whether it uses fossil fuels or biomass, due, for instance, to

losses from an improper air and fuel mixing or the heat

exchanger [4]. Consequently, incomplete combustion gener-

ates pollutants that can be toxic when injected in a green-

house atmosphere. They need to be treated and separated

since these can be detrimental to plant health as much as

ultra-high CO2 concentrations. The main compounds of

interest produced during the combustion process are carbon

monoxide (CO), nitrogen oxides (NOx), sulphur oxide (SOx),

ethylene (C2H4), other VOCs, and fine particulates since they

tend to be in higher concentrations in the exhaust gas of

inefficient heating systems of greenhouses [8]. Other

compounds, that are emitted in low concentrations, include:

nitrous oxides (N2O), hydrogen chloride (HCl) originating from

some grasses, heavymetals (Cu, Pb, Cd, Hg) from impregnated

or painted wood, polycyclic aromatic hydrocarbons (PAH),

polychlorinated dioxins and furans (PCDD/F), ammonia (NH3)

and ozone (O3) [4]. PAH emissions have received growing

concerns due to their carcinogenic effects and should be

reduced with appropriate system design that can allow proper

combustion temperatures, longer residence time and suffi-

cient available oxygen [4].

For injection of CO2 in greenhouses, human health and

safety have to be prioritized, and control measures must be

applied. Exhaust gases can contain hazardous compounds

such as carbon monoxide, lethal for humans, and fine

particulates, which can cause respiratory problems. Indoor air

quality standards for human beings are strict and should be

applicable to maintain plant health. For instance, injuries

from NOx or SOx to plants have been observed at concentra-

tions higher than those established by ASHRAE [8,13,38].

Therefore, respecting ASHRAE standards should ensure clean

greenhouse air quality for both workers and crops.

Carbon monoxide is mostly damaging for humans since it

is a chemical asphyxiant that prevents oxygen transport in

the blood. CO becomes poisonous when inhaled in large

quantities since it has more affinity with hemoglobin and

forms carboxyhemoglobin [39]. Post-combustion CO emis-

sions are due to insufficient levels of hydrocarbons oxidation,

low temperatures (under 1000 �C) and short residence time [4].

Incomplete combustion and improper airefuel mixing will

generate volatile organic compounds. These include a many

different compounds that can vaporize easily and that contain

organic carbon bonded with other carbon, hydrogen, nitrogen

or sulphur [40]. VOCs are usually regulated individually since

some are not toxic to humans while others can be toxic and

carcinogenic [40]. In terms of toxicity on plants, ethylene is

one of the most important VOCs. Ethylene acts as a plant

hormone that provokes early senescence (leaf death) in plants

[13]. However, Hanan (1998) has concluded that ethylene can

remain lower than the critical concentration of 50 ppb as long

as the flue gas CO does not exceed 50 ppm [8]. Still, even the

best combustion systems using propane or natural gas might

not avoid ethylene production, but the concentration should

remain low enough to be diluted and untraceable inside the

greenhouse [6].

Sulphur dioxide has been commonly observed as phyto-

toxic [6]. Plant leaves will show signs of necrosis under SO2

exposures exceeding 0.5 ppmover a 4-h period [6]. Since SO2 is

easily soluble in water, it will react with moisture when

inhaled and irritate lungs [39]. However, SOx are produced

only if sulphur is present in the fuel [38]. For instance, SO2

emissions were common when low quality kerosene was

used, but are now significantly reduced with low-sulphur

kerosene (less than 0.06% sulphur) [13]. Sulphur can be

found between 0.01 and 2% in biomass fuels [41], thus the

resulting SOx emissions are generally considered minor

combustion products [4]. For instance, wood pellets contain as

low as 0.01% sulphur that makes SOx hardly measurable in

stack [42]. Nonetheless, SOx should not be neglected since it

remains one of the most important compounds for air pollu-

tion control [40].

Hydrogen chloride (HCl) is another compound emitted only

if the compound, chlorine, is found in the fuel. Wood usually

contains very low amounts of Cl, while it can be found in

higher concentrations in grasses such as miscanthus,

switchgrass and straw [4]. HCl emissions can be prevented by

fuel washing or with post-combustion control measures.

Nitrogen oxides, whether in the form of NO or NO2, can be

absorbed by plants and cause stresses such as chlorosis,

necrosis or growth reduction [13]. NOx has been measured

following enrichment using propane, kerosene, natural gas

and biomass [6]. It can reduce photosynthesis significantly at

levels above 250 ppb depending on the crop [8]. In terms of

human health impacts, nitric oxide (NO) inhalation interferes

with O2 transport at the cellular level where effects of 3 ppmof

NO are comparable to CO concentrations of 10e15 ppm [39].

Nitrogen dioxide (NO2) is a corrosive gas that can cause lung

damage [39].

Particle emissions, also referred as particulate matter

(PM), are regulated according to two criteria: concentration in

mg/m3 or mg/m3 and aerodynamic diameter size in mm [39].

Particles include inorganic compounds from the solid fuel

and heavy hydrocarbons that condense to form tars or

unburnt carbon species creating soot [4]. Themain concern is

with PM less than 2 mm, which can deposit in the lungs.

Particles larger than 8e10 mm are typically filtered in the

upper respiratory tract while intermediate sizes are depos-

ited in the conducting airways of the lungs, but are usually

cleared after being swallowed or coughed out. Submicron

particles might not necessarily deposit inside the lungs and

may be directly exhaled [39]. Most regulations limit PM

emission concentrations according to particle sizes. For

instance, PM10 is a standard for particles smaller than 10 mm;

PM2.5 and PM1 are also common references [39]. Fine partic-

ulate matter (PM2.5) can cause respiratory problems such as

lung disease and asthma. High short-term exposures are also

linked with shortness of breath, eye and lung irritations,

nausea and allergies [39].
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5.2. Strategies for clean CO2 enrichment

Nowadays, most of the pollutants mentioned previously are

due to incomplete combustion. The main factors contributing

to complete combustion of a fuel are residence time,

temperature and turbulence [41]. The residence time depends

on the combustion chamber dimension, while temperature is

kept high with refractory materials, ceramics or high

temperature metal alloys [41]. Temperature is preferred over

1000 �C to reduce CO emissions and under 1300 �C to control

NOx emissions [4]. Turbulence is promoted by various means

of air injection to mix with the fuel and assure near complete

fuel oxidation [41]. The optimal combination of these three

factors can reduce VOCs and large organic pollutants signifi-

cantly [4]. Additionally, most current commercial biomass

combustion furnaces are regulated to meet local municipal

regulations for gaseous and fine particulate atmospheric

emissions. However, the main challenge is to reduce these

emissions up to workplace safety regulations when injecting

exhaust gas in a greenhouse with few or no post-combustion

treatment system. For instance, typical regulations for stack

PM emissions are usually found in the range ofmg/m3, while it

should be reduced to mg/m3.

Reducing PM emissions can be costly in terms of initial

system investment or continuous maintenance cost. Post-

combustion particle separation devices are usually described

by their cut diameter (Dcut), which is the diameter of a particle

when capture efficiency is 50% [40]. The cut diameter of

a collection device does not necessarily indicate the particle

concentration output as it depends on the combustion system

and its operation. Cyclones, scrubbers, electrostatic precipi-

tators (ESP) and fabric filters can typically stop particles of

around 5, 0.5, 0.5 and 0.1 mm, respectively [40]. In terms of PM

concentrations from large biomass boiler, it seems that an ESP

is the most effective technology to achieve 40 mg/m3 [1].

Unfortunately, this concentration is still higher than the

desired 40 mg/m3, from the ASHRAE standards for indoor

environments [39]. Additionally, an ESP can increase initial

costs substantially and decrease up to 70% the net present

value of the whole system, making it only feasible for green-

houses larger than 7.5 ha [1]. It would be possible to combine

various PM removal systems to reach mg/m3 concentrations,

but the cost would not be viable with current technologies.

Ultimately, a more affordable technique is required for fine

particulate removal to practice safe and economical CO2

enrichment from biomass combustion. There are several

methods to reduce undesirable emissions that can be cat-

egorised in two types [43]. The primary methods are internal

modification and design choices made to the heating system

itself, while secondary methods are external to the heating

system and can be added on.

5.2.1. Internal modification
The efficiency of biomass conversion into energy depends on

the chosen thermo-chemical reaction as well as the system’s

design. Internal modifications are important for reducing fuel

consumption, pollution emissions and the costs of external

modification. They may even alleviate the necessity of

implementing an external modification. Among the main

thermo-chemical processes of biomass, combustion is the

most well known and widely applied reaction for heating.

Efficiency of combustion heating systems, by implementation

of proper residence time, temperature and turbulence, varies

depending on their design, manufacturing and operation.

Various combustion technologies exists such as fixed bed,

fluidized bed and pulverized bed combustion [4]. The system

may be built for the flame to be directed counter-current, co-

current or cross-flow to the fuel. Biomass moisture content is

recommended to be lower than 50% since it impacts the

system’s efficiency [34]. The heating unit should have energy

recovery measures to reduce heat losses. Combustion

chamber should work at an optimal temperature, with suffi-

cient residence time and proper oxygen supply to ensure

better combustion depending on which biomass fuel is used

and at what moisture content [4]. More efficient combustion

decreases particulate and toxic gas emissions. For most

greenhouses, biomass boilers would use a hot water distri-

bution network for heating [1]. Since day and night tempera-

tures can fluctuate by more than 15 �C on the same day, the

turn down ratio of boiler power requirement can be signifi-

cant. It is generally preferred to avoid high power fluctuations

for biomass heating systems since it reduces overall fuel use

efficiency and increases equipment wear and maintenance

cost. It is recommended to use a thermal fluid buffer and

maintain boiler operation at an optimal and more constant

power output. The buffer can accumulate excess heat and

then redistribute it to compensate for higher peaks of thermal

requirements [44]. Nederhoff (2004) had approximated that

the water heat storage is dimensioned between 100 and

200 m3 per hectare of greenhouse [45]. Chalabi et al. (2002) also

confirmed an optimal heat storage size of 20� 10�3 m3/m2 [7].

This practice reduces the required power output of the boiler,

and consequently, the initial investment cost of the system.

Moreover, hot water tanks are already recommended for

optimal CO2 enrichment practices. For most large modern

commercial greenhouses, in Europe or North America, heat-

ing with biomass has integrated the use of large hot water

reservoir in existing hot water distribution networks [45].

In parallel, gasification is showing a lot of promise both in

research and commercial applications [5,43,46]. Compared to

combustion, gasification consists in partial oxidation of

biomass under high temperatures, thus converting the

material into a gaseous fuel. Therefore, gasification requires

heat to store energy into chemical bonds while combustion

breaks these bonds and releases energy as heat [5]. Various

types of feedstock can be used for gasification such as coal and

a myriad of biomass sources. However, biomass has much

higher volatile content than other solid fuels, up to 80%,which

is ideal for gasification [46]. Depending on the gasifier design

and feedstock, syngas is usually composed of hydrogen (H2,

12e20%), CO (17e22%), CH4 (2e3%), CO2 (9e15%), water vapour

(H2O), nitrogen (N2) and tar vapours [41,46,47]. In general, air is

used as the oxidizing agent and results in a producer gas

containing impurities such as tars. When impurities are

removed or when pure oxygen is used instead of air, the

resulting gas is known as synthesis gas, composed of CO and

H2. For the sake of this review, the term syngas is used in

reference to the producer gas. When using air, the calorific
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value of syngas is usually around 4e6 MJ/m3, while it can

reach 12e20 MJ/m3 with oxygen [47]. In comparison, natural

gas has an average energy content of 36 MJ/m3. Syngas can be

used for power and heat production and synthesis gas can be

converted again into chemicals or liquid fuels. By coupling

a gasification chamber to a combustion chamber, the syngas

is burned separately from the biomass fuel to provide heat

and CO2. Since it is the gaseous fuel that undergoes combus-

tion instead of the solid biomass, far less fine particulates are

emitted in the stack [48]. Some inorganic and organic partic-

ulates might still be present in syngas and thus, syngas

combustion efficiency will dictate how much of these partic-

ulates will be emitted. Overall, gasification coupled with

syngas combustion for heat and power can achieve high effi-

ciency and is recognised tomake biomass heating cleaner and

easier to control, compared to direct combustion of solid fuels

[41,46,48]. Consequently, gasification, along with a proper

system design, could be a first step at facilitating CO2 enrich-

ment of greenhouses with biomass.

Following gasification of biomass, the combustion effi-

ciency of syngas may be the key for CO2 enrichment. Syngas

combustion could make CO2 enrichment from biomass more

convenient and on par with the performance of fossil fuel

burners. It is generally recognised that syngas combustion

produces lower undesirable gaseous emissions than direct

combustion of fuel [48]. Specifically, airefuel mixtures in

burners are easier to control to reach near complete

combustion than when dealing with solid fuels [41]. The

presence of CO, NOx and VOCs in the exhaust gas depends

mostly on the burner design and operation rather than the gas

composition [48], while SOx emissions are linked to the pres-

ence or absence of sulphur in the biomass. Therefore, great

importance should be put towards burner design and biomass

selection in future development applied to greenhouse CO2

enrichment to assure gaseous emissions respecting health

standards.

5.2.2. External modification

5.2.2.1. Scrubbing systems. Over the last decade, it has been

observed that the adverse nitrogen oxides and sulphur oxides

found in exhaust gases could be transformed into valuable by-

products. A research suggested the conversion of NOx and SOx

into nutrients for greenhouse plant fertilization, by means of

a scrubbing system with particular catalysts [49]. For that

system, the exhaust gas originates from a heating system

fuelled with biogas extracted from a landfill. Sulphur oxide is

usually reduced from flue gas when scrubbed with aqueous

ammonia to form ammonium sulphate as a by-product [50].

The latter is quite valuable for fertilizer markets as several

million tons are produced each year in the United-States [49].

It was found that NO and SO2 could be simultaneously elim-

inated by adding cobalt (COðNH3Þ2þ6 ) and iodide (I�) ions, at an
optimal molar concentration ratio, into the standard aqueous

ammonia solution. The process resulted in the conversion of

NO into nitrite and nitrate, and the subsequent absorption and

oxidation of SO2 into sulphate. UV irradiation at 360 nm was

used to improve regeneration of cobalt(II) cations that helped

maintain NO removal efficiency. The presence of SO2 in the

exhaust gas feed was essential for iodide ion regeneration.

Conveniently, the process can be easily integrated in existing

desulphurization scrubbers [50].

Resource and energy recovery from waste, of municipal,

industrial or agricultural sources, are now essential to ensure

environmental, economic, and social sustainable develop-

ment principles [51]. Resource recovery can also be performed

with exhaust gases. Apart from the previous examples by

Chou et al. (2005) and Long et al. (2004), Baligar et al. (2011)

studied the use of flue gas desulphurization products on

agricultural lands [52]. Capturing flue gas to recover useful

resources should be explored towards greenhouse plant

production applications since it can reduce atmospheric

emissions and improve the overall efficiency of a power plant

[52]. Further research is needed to assess the quality of

fertilizers scrubbed from the exhaust gas and avoid the pres-

ence of toxic trace elements [52]. These scrubbing systems

could then be developed to supply nutrients directly into the

irrigation network of a greenhouse while the leftover gas,

composedmainly of CO2, could be injected for enrichment. By

aiming future projects directly at improving the efficiency of

fertilizer production from wet scrubbers, a systematic and

commercially applicable method can be developed to obtain

quality fertilizers from exhaust gas. The integration of fertil-

izer production from wet scrubbing into the irrigation system

of the greenhouse needs to be modelled and tested in pilot

scale projects. System operation, maintenance and moni-

toring of catalyst regeneration and fertilizer quality should be

conceptualized to be user friendly for the greenhouse oper-

ator. Additional research could demonstrate the economical

feasibility and the overall sustainability of developed

methods. A life-cycle analysis allows to compare these fertil-

izers with standard ones to assess which method has poten-

tially less environmental impacts. The significance of

capturing flue gases for fertilization on the overall impacts of

a greenhouse operation could be observed with this type of

analysis.

5.2.2.2. Membrane separation of CO2. In their research, Green

and Maginnes (1978) developed a membrane based CO2

system using an odorant free natural gas-fired turbine system

for CO2 enrichment [53]. Exhaust gases exited the stack at

around 450 �C and contained about 2% CO2, 16 ppm NOx and

no SO2. The exhaust was cooled to 82 �C and directed between

the two covering layers of polyethylene of the greenhouse.

The nature of the polyethylene cover allowed high perme-

ability of CO2 but prevented diffusion of NOx that were at toxic

levels. While providing heat to the greenhouse, it also

supplied considerable concentrations of CO2, between 1500

and 6000 ppm. In terms of yields, the greenhouse produced

15%more fruit than the non-enriched area [53]. However, this

particular application of polymer membranes was not widely

adopted in the greenhouse industry and no known research

exists. Most research focuses on membrane separation from

fossil fuel combustion in large power plants as a means to

capture and store CO2 [54]. However, membrane separation

processes could be applied for CO2 enrichment to reduce

greenhouse gases at the source.

Compared to the conventional process of carbon dioxide

capture, such as amine absorption process, membrane sepa-

ration technology is more energy efficient and much simpler
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for CO2 capture [55]. Yang et al., in their review of CO2 sepa-

ration and capture, stated that membrane separation process

was the most promising technology for its energy-saving,

space-saving and ease for scale up [54]. It is these exact char-

acteristics that make membrane separation appealing for

greenhouse plant growth application. Membrane separation of

CO2 is currently being considered for post-combustion and pre-

combustion capture of carbondioxide for the power generation

industry [56]. Post-combustion capture occurs at the end of

conventional combustion coal power plants and consists of

separating CO2 from nitrogen in the flue gas. In this case, the

system operates with lower pressure (closer to atmospheric

pressure), larger volume and a more dilute gas stream.

Consequently, the separation process must handle a gas

stream with CO2 concentrations between 10 and 15% [44]. Pre-

combustion capture is being evaluated to separate CO2 from

syngas produced during gasification. Syngas must be cleaned

of impurities, such as particulates or acid gases, and then

“shifted” by reacting with steam over a catalyst that will

convert CO into CO2. [57]. Membrane separation is applied to

remove CO2 from the hydrogen that can be burned and passed

through turbines for power generation. Compared to post-

combustion, pre-combustion membrane separation handles

smaller gas volumes at higher pressures (around 2.5e3.7 MPa

or 360e540 psi), which reduces the overall energy requirement

of separation. Additionally, the stream gas contains higher

initial CO2 concentrations (40 to 50%) that makes the separa-

tionmore efficient [58]. Most greenhouses heatedwith biomass

use conventional combustion technologies and would apply

post-combustion capture. While pre-combustion capture

offers better separation efficiency, post-combustion capture is

still regarded as a better CO2 separation method compared to

traditional techniques such as chemical absorption.

Two important characteristics serve to determine

a membrane performance. First, the permeation rate (Ji)

represents the flux of a particular gas (i) through the

membrane. This rate depends on the permeability (P�i ), the
area (Am) and the thickness (d) of the membrane, and is driven

by the pressure differential (DP) between both sides [55]. This

pressure difference constitutes the majority of the cost and

energy input associated with membrane separation. The

following equation, assuming ideal gas, shows the relation-

ship between these variables [59]:

Ji ¼ P�
i

d
,Am,DP (1)

The second important characteristic is the selectivity of the

membrane and this dictates the membrane’s ability to allow

diffusion of one gas and retain a different gas [55]. This

characteristic can be represented by the ideal coefficient of

selectivity (a) which is the ratio of the permeability of one gas

over another gas: a¼ PA/PB [55]. Most membranes have

particularly high selectivity between two main gases such as

CO2/N2, CO2/H2 and CO2/CH4 and others, depending of the

desired application [55]. There are various mechanisms that

affect membrane separation, but the most important for this

application are molecular sieving and solution-diffusion.

Molecular sieving depends on the kinetic diameter of the

molecules as well as the membrane pore sizes that will

determine which gas can pass [55]. Carbon dioxide has the

advantage of having a smaller kinetic diameter than most of

other compounds found in flue gas. On the other hand, when

membranes are non-porous, solution-diffusion is the main

mechanism. Indeed, the solubility of a gas within the

membranematerial and its diffusivity through themembrane

structure determine the permeability and selectivity [55]. The

relationship between those two characteristics are important

since a highly permeable membrane usually has a lower

selectivity [55]. Many membrane materials exist for separa-

tion, each with their own strengths and weaknesses, and

include polymer, inorganic, carbon, alumina, silica, zeolite

and mixed-matrix membranes. Most membranes are made of

polymeric materials of different compositions since they offer

better cost-effective performance [55].

Regardless of the material composition, membranes need

to have good thermal and chemical robustness alongwith good

resistance to plasticisation and aging [55]. Those properties,

combined with affordable manufacturing processes, ensure

the cost-effective durability of the membrane. Although some

materials may offer the purest quality of CO2, the greenhouse

industry has easy and affordable access to polyethylene and

polycarbonate materials. Silicon membranes have also shown

interesting diffusion properties in post-harvest storage of

produce, an industry similar and close to the greenhouse

industry [60]. Additional research needs to determine the

permeation rate and selectivity to CO2 of these particular

materials. Given that those membranes are commercially

available, they could offer interesting application possibilities

for CO2 separation from flue-gas.

In terms of design, membranes are usually conceptualized

with cylindrical geometry. The feed gas is directed in an inner

tube where the desired molecules sieve through to the outer

tubeor, in this case, insidea greenhousebuilding. Flow is forced

via compression in the inner tube or vacuum from the outer

tube [61]. In application to greenhouses, a producer could

purchase a particular membrane that would have a known

thickness (d) and a good permeability (P�i ) to CO2. The exhaust

gas fromtheheatingsystemcouldflowintowell sealedpolymer

tubes along the length of the greenhouse at strategic locations.

Using a plant-based approach to CO2 enrichment, the rate of

CO2 to be given during the day would be identified according to

the crop. The pressure differential required as well as the

number of tubes would be selected to allow optimal and

uniform CO2 diffusion inside the greenhouse. The permeation

rate and selectivity of the membrane material should prevent

harmful gases and particulates from accumulating in the

greenhouse. Those compounds remaining in the tubewould be

vented outside via normal and standard exhaust chimney.

Issues to take into consideration are the accumulation of

condensable vapour within themembranematrix resulting in

lower permeability and selectivity, as well as undesirable

gases, such as CO, NH3, H2S, SOx and NOx, which can degrade

the material prematurely [55]. Fine particulates may also

accumulate on the membrane and block membrane pores.

Limited research has been performed on the effect of these

gases and particulates on membranes in terms of perfor-

mance impacts, premature aging and maintenance require-

ments. Additional experiments could help in evaluating the

durability and feasibility of this technology for greenhouse

CO2 enrichment.
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6. Future research development

CO2 enrichment from exhaust gas of biomass heating system

has yet to overcome certain technical challenges. Concretely,

future development could be divided in different research

objectives:

� There is a wide range of usable types of biomass such as

wood residues, grasses, agricultural residues, andmunicipal

wastes which can be used in the form of chips or pellets.

More research should look at their respective emissions

when used in combustion or close-coupled gasification

heating systems. The efficiency and design quality of the

heating system should also be taken into consideration in

the results. Gasification is a promising technology and

should be further developed with this application in mind.

Such project would facilitate modelling and simulation of

CO2 enrichment from biomass to determine fuel consump-

tion, energy input for pressure differential of membrane

separation, surface area required and number of polymer

tubes. It would also help in indicating which CO2 capture

method should prevail, such as scrubbing, membrane

separation or a combination of both, according to the fuel

used.

� Using water buffer for excess heat storage is usually rec-

ommended with biomass heating systems [44]. While the

advantages on the overall biomass heating system effi-

ciency are already proven, research could look specifically at

CO2 enrichment with heat storage as an optimal manage-

ment strategy. In this case, since combustion also occurs

during daytime, CO2 enrichment would not increase

biomass fuel consumption.

� Currently, most greenhouses that heat with biomass use

combustion technology fuelled with wood chip. In order to

maintain a link with direct commercial applications,

research should continue the exploration of membrane

separation of CO2 for this particular application. This type of

post-combustion capture of CO2 has yet to see experimental

results. Even demonstration projects on coal power plants,

which have been the focus of membrane separation tech-

nology for the moment, have not been published yet

showing that this process is still in its infancy and requires

more research [56].

� Properties ofmaterials, such as polyethylene, polycarbonate

and silicon, should be studied for their application as

separationmembrane since they are easily accessible to the

greenhouse industry. These materials might have perme-

ation rate and selectivity to CO2 that are advantageous and

competitive to other membranes considered for the power

industry. An easy access to those specific materials could

potentially reduce cost.

� Finally, data accumulated from different case studies

should give enough information to complete a thorough

comparative life-cycle analysis. CO2 enrichment from

biomass, from fossil fuels and from liquid CO2 could be

compared around the common primary functions of

supplying both heat and safe CO2. Results and estimates

could then be analyzed in terms of potential economic and

environmental impacts.

7. Conclusion

Supplementing CO2 to a greenhouse from the exhaust of

a biomass heating system could help improve the overall

carbon footprint of greenhouse plant production. Further

research needs to be performed to optimize safe and clean CO2

enrichment practices from biomass fuels. Optimal manage-

ment practices reduce fuel consumption and increase

enrichment benefits. By improving biomass boilers efficiency,

through combustion and optimally through gasification

coupled with syngas combustion, few VOCs and particles

would be produced. Currently available scrubbers can clean

NOx and SOx and could produce ammonium sulphate fertil-

izers to be used directly in a greenhouse. Additionally,

membrane separation techniques could be very efficient in

preventing fine particles and undesirable gases to be diffused

into the greenhousewhile keeping a CO2 enriched greenhouse

safe for workers.
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Productions Végétales du Québec; 1988.
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 1 
BIOMASS GASIFICATION AND SYNGAS COMBUSTION FOR 2 
GREENHOUSE CO2 ENRICHMENT  3 
 4 
Louis-Martin Dion,a Mark Lefsrud,a,* Valérie Orsat a and Caroline Cimon,a  5 
 6 

Greenhouse carbon dioxide (CO2) enrichment from biomass residues 7 
was investigated using exhaust gas from combustion of syngas 8 
produced by gasification. Near complete syngas combustion is essential 9 
to achieve CO2 levels which increase plant yields while maintaining a 10 
safe environment for workers. Wood pellets were supplied to a downdraft 11 
gasifier to produce syngas fed to a steel swirl burner.  The burner 12 
required an equivalence ratio (the actual air to fuel ratio relative to the 13 
stoichiometric air to fuel requirements) of 2.6 for near complete 14 
combustion. Concentrations of sulphur dioxide (SO2), and ethylene 15 
(C2H4) emissions were either below critical concentrations or negligible. 16 
In 60% of the trials, carbon monoxide (CO) emissions were below 17 
ASHRAE standards for indoor air quality. However, the average nitrogen 18 
oxide (NOx) emission was 23.6 ppm, and it would need to be reduced 19 
below the 0.05 ppm to meet ASHRAE standards. Proposed 20 
improvements to the syngas burner design to lower NOx emissions and 21 
increase efficiency are: integration of a low swirl design, mesh 22 
catalysers, a higher quality refractory material, and a more efficient heat 23 
exchanger. Theoretically, combustion or gasification of biomass could 24 
provide more CO2 for greenhouse enrichment than propane or natural 25 
gas per unit of energy. 26 

 27 
Keywords:  biomass gasification; CO2 enrichment; Greenhouse; Wood pellets; Syngas combustion; 28 
Exhaust gas emissions 29 
 30 
Contact information:  a: Department of Bioresource Engineering, McGill University, Macdonald Campus, 31 
Macdonald-Stewart Building, 21,111 Lakeshore Rd., Ste. Anne de Bellevue, QC, H9X 3V9, Canada; *mail 32 
to mark.lefsrud@mcgill.ca 33 
 34 
 35 
INTRODUCTION 36 
 37 
 In cool northern climates, the high thermal energy requirements have stimulated 38 
greenhouse operators to consider sustainable energy sources to reduce their dependence 39 
on fossil fuels for both economic and environmental reasons. Currently, biomass heating 40 
has shown a lot of promise for its ability to provide thermal energy for very large 41 
greenhouses at competitive costs (Chau et al. 2009). Biomass encompasses many sources 42 
of organic vegetal matter and their derivatives, such as wood residues, dedicated energy 43 
crops, agricultural residues, animal waste, or municipal waste (Basu 2010). Notably solid 44 
woody biomass is recognised by the US Environmental Protection Agency (EPA) as a 45 
sustainable renewable for heating purposes (Dones 2003; Eriksson et al. 2007; Petersen 46 
Raymer 2006).  47 

CO2 enrichment practices in controlled plant environments have been successfully 48 
applied since the early 1900s (Wittwer and Robb 1964; Mortensen 1987). Since the 49 
1980s, in conjunction with maturing technologies and best practices, CO2 enrichment has 50 
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found steady commercial applications and wide adoption from the horticulture industry 51 
(Mortensen 1987). It is now accepted that increasing CO2 concentrations in greenhouses 52 
between 700 to 1000 ppm, can increase yields from 21 to 61% in dry mass (Wittwer and 53 
Robb 1964; Mortensen 1987; Willits and Peet 1989; Hanan 1998; Critten and Bailey 54 
2002; Jaffrin et al. 2003; Tisserat et al. 2008; Sánchez-Guerrero et al. 2009). This 55 
practice is typically performed either from pure CO2 in bulk, or from dedicated natural 56 
gas or propane burners, which are considered efficient and clean combustion systems 57 
(Hicklenton 1988). Current biomass heating system technologies do not permit CO2 58 
enrichment due to high emission levels (Hanan 1998), which can affect human health, 59 
and impair plant production.  60 

Biomass gasification technology coupled with efficient combustion of syngas 61 
presents a promising avenue for both research and commercial applications (Quaak et al. 62 
1999; McKendry 2002; Basu 2010).  Gasification is a thermo-chemical reaction that 63 
differs from combustion by being heated under low oxygen levels (partial oxidation), 64 
thus converting the biomass into a gaseous fuel. This raw gas contains some impurities 65 
and is called producer gas, while it is referred as synthesis gas when cleaned into a 66 
mixture of CO and H2. For the sake of this research, the term syngas is used in reference 67 
to producer gas. Gasification coupled with syngas combustion for heat and power can 68 
achieve high efficiency, and is recognised to make the thermo-chemical conversion of 69 
biomass cleaner and easier to control, compared to direct combustion of solid fuels (Reed 70 
et al. 1988; Quaak et al. 1999; Whitty et al. 2008). Injection of exhaust gas in a 71 
greenhouse requires compliance with air quality and workplace safety legislations 72 
(Table 1); however, this challenge has not yet been published in peer reviewed literature.  73 
 74 
Table 1. ASHRAE Standards to Indoor Environmental Quality (ASHRAE 2009) 75 

Compound  Concentration limit 
Carbon Dioxide CO2 3500 ppm 
Carbon Monoxide CO 11 ppm (8h) 
    25 ppm (1h) 
Nitrogen Dioxide NO2 0.05 ppm 
    0.25 ppm (1h) 
Particulate  40 μg/m3 (8h) 
    100 μg/m3 (1h) 
Sulphur Dioxide SO2 0.019 ppm 
VOCa  1 - 5 mg/m3 
Acrolein C3H4O 0.02 ppm 
Acetaldehyde C2H4O 5.0 ppm 
Formaldehyde CH2O 0.1 ppm 
a: Limits for VOCs are usually presented per individual 
compound. The presented value for VOCs concentration limit 
is a suggested target from Health Canada (Health Canada, 
2007) while limits for C3H4O, C2H4O and CH2O are from 
ASHRAE (2009). 

 76 
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Thermodynamics of Combustion and Gasification 77 
The stoichiometric air or oxygen requirement depends on the chemical 78 

composition of the fuel, which can be obtained from its ultimate analysis (normally 79 
expressed by mass) (De Nevers 2000). The stoichiometric air to fuel ratio, (A/F)stoich, is 80 
the theoretical mass of air required for complete combustion of a unit mass of a fuel 81 
(Basu 2010). The terms lean mixtures, lower flammability limit or lean limit, rich 82 
mixtures and upper flammability limit or rich limit are explained thoroughly in De 83 
Nevers (2000), who refers to the change in combustion type when varying the ratio of air 84 
to fuel.  In summary, every fuel has an optimal stoichiometric air to fuel ratio, and it has a 85 
flammability range between the lower flammability limit and the upper flammability 86 
limit that depends on the desired type of flame to be produced. Ideally, with a 87 
homogeneous mixture of air and fuel, most of the fuel is burned and converted to H2O 88 
and CO2. De Nevers has appropriate definitions of the types of flames and characteristics.  89 
Ideally, premix or partly premix flames would be most desirable to obtain the cleanest 90 
exhaust when burning syngas for CO2 enrichment (De Nevers 2000). 91 

Combustion reactions differ mainly from gasification by the level of oxidation. 92 
The equivalence ratio (ER) is used to determine the actual oxygen (or air) to fuel ratio 93 
relative to the stoichiometric oxygen (or air) to fuel requirements, explained in greater 94 
detail in Reed et al. (1988). It must be noted that some authors report fuel to air ratios 95 
(F/A), rather than air to fuel (A/F) which influences the value of the ER (Littlejohn et al. 96 
2010).  97 

 98 
Emissions affected by syngas composition 99 

Post-combustion concentrations of CO, NOx, SOx, and HCl are influenced by 100 
syngas composition. According to Whitty et al. (2008), syngas with high CO and H2 101 
content reduces the probability of CO emissions. One of the three primary NOx formation 102 
mechanisms, “Prompt NOx”, occurs in fuel rich conditions, such as with high CH4 103 
content, when N2 reacts with active hydrocarbons. The other two NOx formation 104 
mechanisms are “Thermal NOx” and “Fuel NOx” as explained in Van Loo and Koppejan 105 
(2008). Sulphur content is typically between 0.01 to 2% in biomass fuels (Reed et al. 106 
1988), thus the resulting SOx emissions are generally considered minor (Van Loo and 107 
Koppejan 2008). Hydrogen chloride (HCl) is found in very low abundance in wood 108 
unlike other biomass products such as miscanthus, switchgrass, and straw (Van Loo and 109 
Koppejan 2008).  110 
 111 
Emissions affected by the burner design 112 

While the exhaust gas emissions are strongly affected by the syngas composition, 113 
the concentration levels at which they are emitted depends primarily on the burner design 114 
and the effectiveness of air-fuel mixing (Whitty et al. 2008). Incomplete combustion and 115 
improper air-fuel mixing will generate various types of volatile organic compounds 116 
(VOC) such as ethylene (De Nevers 2000), which causes early senescence in plants 117 
(Mortensen 1987), and needs to be kept below 0.05 ppm (Hanan 1998). “Thermal NOx” 118 
is the most prominent NOx formation mechanism, as explained in Van Loo and Koppejan 119 
(2008). “Fuel NOx” formation as demonstrated in Whitty et al. (2008) can be controlled 120 
using air staging or two-stage combustion. A compromise for the temperature of 121 



 

PEER-REVIEWED ARTICLE                  bioresources.com 
 

 
Dion et al. (2012). “CO2 Enrichment from Biomass,” BioResources #(#), ###-###.  4 

combustion between 1000°C and 1300°C is usually recommended to reduce both CO and 122 
NOx emissions. Thermal NOx and VOC can be reduced effectively with a proper 123 
combustion temperature, residence time, and oxygen mixing which needs to be 124 
determined (Van Loo and Koppejan 2008). 125 

 126 
Gasifier and syngas burner design 127 

There are many conventional designs for gasification of biomass which influence 128 
the syngas composition and quality, well described in Basu (2010).  129 

Research has been conducted to evaluate various dedicated syngas burners to 130 
elucidate the complexity of combustion of gases under unsteady composition (Littlejohn 131 
et al. 2007; Li et al. 2009; Whitty et al. 2008; Wood et al. 2009). Typically, raw syngas 132 
used for heat and power is burned directly in a furnace or a boiler. The residence time 133 
depends on the combustion chamber dimension, while temperature is kept at optimal 134 
levels with refractory materials, ceramics, or high temperature metal alloys. Turbulence is 135 
promoted by various means of air-fuel mixture and injection to ensure adequate mixing 136 
(Reed et al. 1988). Injectors or ejectors are components of a venturi mixer and can ease 137 
the task of entraining gas flow, as explained by Lawn (2003). The degree of air to fuel 138 
premixing required in achieving near complete combustion needs to be determined. 139 

The purpose of this research was thus to investigate the exhaust gas emissions 140 
from a rudimentary syngas swirl burner through an outlook of the flue gas compounds 141 
formation and the syngas burner design. Also, the experimental CO2 enrichment potential 142 
of syngas combustion was compared with theoretical estimations. These results were 143 
used to identify which exhaust gas compounds exceed air quality standards when 144 
operating a small scale downdraft gasifier using the manufacturer’s optimal conditions, in 145 
order to find suitable components to be added or modified in the burner design for future 146 
experiments. 147 
 148 
 149 
THEORETICAL ESTIMATES 150 
 151 

For a complete combustion reaction, the mass of O2 needed per kg of fuel was 152 
calculated as follows (Van Loo and Koppejan 2008), 153 
 154 
 -     (1) 155 

where 156 
 157 

 is the molecular mass of element i (C, H, S or O); 158 

 is the molecular mass of compound j (CO2 or O2); and 159 

 is the mass fraction of element i from fuel ultimate analysis (C, H, S or O). 160 
 161 

The stoichiometric dry air to fuel ratio, ), required was then computed 162 
as (Van Loo and Koppejan 2008),  163 
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 164 
    (2) 165 

where 166 
 167 

  is the volume fraction of compound j in air (O2 or N2). Subsequently, ER was 168 
determined from this ratio:  169 
 170 

        (3) 171 

Typically, the equivalence ratio for biomass gasification is ER = 0.25, but depending on 172 
the feedstock, it may vary between 0.20 and 0.45 (Erlich and Fransson 2011). When ER 173 
= 1, the system has stoichiometrically balanced combustion, whereas ER > 1 implies 174 
combustion with excess air. 175 

Gasification efficiency is expressed as cold gas efficiency ( ), and represents 176 
the energy contained in syngas over the potential energy from the solid fuel using the 177 
lower heating value (LHV) of both fuels, the solid biomass consumption rate ( ) 178 
and the syngas flow rate output of a gasifier ( ) (Basu, 2010). It is calculated as 179 
follows: 180 

 181 
        (4) 182 

 183 
The maximal theoretical quantity of flue gas CO2 which could be used for 184 

enrichment was estimated according to the carbon content of the solid biomass or syngas. 185 
Assuming complete combustion of either fuel, the mass of emitted CO2 per kg of dry fuel 186 
was calculated as follows: 187 

 188 
        (5) 189 

 190 
By using  or  in kg/hr, the CO2 output useable for enrichment 191 

was estimated and then compared with other enrichment systems:  192 
 193 

      (6) 194 

 195 
From the predetermined size of the existing heating unit, the potential enriched 196 

greenhouse surface area was found using the recommended CO2 injection rate of 5.6 197 
g/(m2·hr) (Hanan 1998), and calculated as:   198 

 199 
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       (7) 200 

The gasifier airflow intake was estimated using the following empirical 201 
relationship produced by All Power Labs (2010), and valid only for the GEK gasifier 202 
using wood pellets, Eq. 8. 203 

 204 

    (8) 205 

The syngas mass flow rate was estimated in Eq. 9 below by adding the air intake 206 
mass flow (extrapolated from Eq. 8, and using ρair = 1.205 kg/m3) with the volatile 207 
fraction of the biomass consumption rate (estimated at 80%).  208 

 209 
   (9) 210 

 211 
The volumetric flue gas fractions were obtained from Eq. 10 shown below (Van 212 

Loo and Koppejan 2008): 213 

    (10) 214 

 215 
EXPERIMENTAL 216 
 217 
Characteristics of the Feedstock 218 

Premium quality wood pellets were supplied by Energex Pellet Fuel Inc. (Lac-219 
Mégantic, QC, Canada). They were fabricated from hardwood sawdust, and contained 220 
less than 1% ash. Bulk density of the feedstock was approximately 700 kg/m3 with a 221 
particle density of 1055 kg/m3. Particle diameter was approximately 6.5 mm with an 222 
average length of 16 mm, varying between 8 and 24 mm. The moisture content of the 223 
sawdust wood pellets was 7%. The wood pellets elemental composition was obtained 224 
from literature by Reed et al. (1988), from an ultimate analysis performed on similar 225 
hardwood sawdust pellets (Table 2).  226 

 227 
Table 2. Ultimate Analysis from Sawdust Pellets (dry basis, mass percent) (Reed 228 
et al. 1988) 229 

Material C H N S O Ash 
Sawdust pellets 47.2 6.5 0.0 0.0 45.4 1 

 230 
 231 
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Experimental Setup 232 
A downdraft gasifier was selected as a dedicated CO2 production unit for 233 

greenhouse enrichment, since it operates with air flow moving along the biomass flow. 234 
The application range is from 10 kW up to 1 MW, and syngas production yields very low 235 
tar content (from 0.015 to 3.0 g/m3) (Basu 2010), which makes it ideal for internal 236 
combustion engines.  The Gasifier Experimenters Kit (GEK v3.5), developed by All 237 
Power Labs (Berkeley, CA, USA) based on the Imbert design, proved to be reliable at 238 
producing syngas with low tar content in Reed et al. (1988), and was thus selected for 239 
lab-scale experiments (All Power Labs 2010). The GEK steel swirl burner was placed 240 
inside the combustion chamber of a forced-air furnace (Superior Bio-mass Furnace, Ja-241 
Ran Enterprises Inc., Lexington, MI, USA), where syngas was allowed to burn (Fig. 1). 242 
The setup facilitated the flue gas flow of syngas combustion to be directed into the 243 
furnace chimney, where representative exhaust gas measurements were taken. 244 
 245 

 246 
Fig. 1. Schematic of the gasifier coupled with the forced-air furnace. Compounds include: (1) 247 
three ports: Ignition, Air inlet, Instrumentation, (2) Reactor, (3) Ash grate, (4) Support legs, (5) 248 
Cyclone, (6) Packed bed filter, (7) Ejector venturi, (8) Swirl burner, (9) Furnace combustion 249 
chamber, (10) Furnace fuel inlet for direct combustion only, (11) Furnace blower for heat 250 
exchanger, (12) Air-air heat exchanger, (13) Chimney, (A): Exhaust gas sampling port,  (B): 251 
Syngas sampling port (GEK schematic courtesy of All Power Labs (Berkeley, CA, USA)) 252 

The GEK functioned under negative pressure (suction operation), which was 253 
driven by the ejector venturi before the swirl burner. Compressed air was provided to the 254 
ejector by a compressor with a maximum capacity of 19.4 m3/hr at 275 kPa and 15.3 255 
m3/hr at 620 kPa (manufacturer recommendations were 10 to 14 m3/hr at about 620 to 256 
830 kPa). A needle valve, connected before the ejector, allowed manual control of the 257 
compressed air flow and the gasifier negative pressure. Two water-filled U-tube 258 
manometers (one at the bottom of the reactor core and the second at the top of the 259 
packed-bed filter) provided a direct visual output of the gasifier operating conditions. All 260 
Power Labs identified the optimal vacuum condition for the bottom of the reactor core to 261 
obtain an ideal core temperature over 850oC along with corresponding air intake flow 262 
rates when using wood pellets (Eq. 8). The ideal performance condition was determined 263 
at a vacuum pressure close to 1.25 ± 0.75 kPa (5 ± 3 in H2O).  264 
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The ejector venturi premixed the syngas with air controlled from the primary 265 
needle valve (Fig. 2). The mixture converged in a 19 mm steel pipe, which increased to 266 
38 mm to enter tangentially at the bottom of the swirl burner. A secondary air inlet was 267 
controlled manually with the secondary needle valve to introduce additional excess air 268 
tangentially with a 13 mm steel pipe at the middle height of the swirl burner and in the 269 
opposite direction of the primary air-fuel inlet (Fig. 2). A propane gas inlet was 270 
connected at that same level to be used only at start-up. The swirl burner had a diameter 271 
of 127 mm with a height of 241 mm. 272 

 273 

 274 
Fig. 2. Flow diagram of the swirl burner with ejector venturi and instrumentation 275 

 276 
The exhaust gas sampling line used a stainless steel probe, a cotton filter (inside a 277 

300 mm long and 12.7 mm diameter tube), and a 500 g calcium sulphate desiccant 278 
column (Fig. 3). The syngas sampling line was made of two glass impingers connected in 279 
series, and sitting in ice buckets (Fig. 4). The 500 g desiccant was also connected to the 280 
end of this sampling line. In both cases, a diaphragm vacuum pump (KNF Neuberger, 281 
Inc., Trenton, NJ, USA) was used and had a capacity of 2 m3/hr and 91 kPa of maximum 282 
vacuum pressure. Both sampling lines were tested to prevent air leaks at the joints.  283 

 284 

 285 
Fig. 3. Sampling train configuration for exhaust gas 286 

 287 

 288 
Fig 4. Sampling train configuration for syngas 289 
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 290 
Instrumentation 291 

A Gasifier Control Unit (GCU) was developed by All Power Labs (Berkeley, CA, 292 
USA) to read and datalog the GEK instruments and control devices. All data were 293 
recorded in real time in a Toughbook laptop (CF-29, Panasonic, Kadoma, Osaka, Japan). 294 
An array of chromel-alumel (type K) sheathed thermocouples were installed at strategic 295 
locations on the gasifier and connected to the GCU. Four pressure ports were installed 296 
and connected to the differential gauge pressure transducer of the GCU. 297 

Compressed air injection was monitored with two pressure gauges of 700 kPa, 298 
and two versa-mount dial-indicating flow meters, with capacity up to 42.5 m3/hr (Fig. 2). 299 
A first pressure gauge monitored the incoming air from the compressor before the needle 300 
valves. A flow meter and a second pressure gauge were installed between the primary 301 
control needle valve and the ejector venturi. The second flow meter was placed at the exit 302 
of the secondary needle valve. Exhaust gas was measured directly through a chimney port 303 
using a TESTO 335 portable analyzer (Testo Inc., Lenzkirch, Germany) to measure 304 
gaseous concentrations of CO, O2, NO, NO2 and SO2 and calculated estimates of CO2 305 
and NOx. The syngas sampling port was positioned at the top of the drum filter at point 306 
(B) on Fig. 1, before the ejector venturi, while the exhaust gas sampling port was 307 
connected through the chimney at point (A) (Fig. 1). 308 

Exhaust gas was also sampled in SamplePro FlexFilm bags (SKC inc., Eighty 309 
Four, PA, USA) with single polypropylene fittings. Exhaust gas samples were analyzed 310 
for ethylene (C2H4) in a Hewlett Packard 5890A (Agilent, Santa Clara, CA, USA) gas 311 
chromatograph (GC) with a 60/80 carbopack B column of 1.83 m long and 45.7 mm 312 
diameter. The GC functioned with a flame ionization detector (FID) using helium as a 313 
carrier gas set at 35 mL/min. Ethylene at 27 ppm ± 5% in synthetic air was used as the 314 
calibration gas mixture (Praxair, Inc., Danbury, CT, USA). The GC was linked to the 315 
PeakSimple (version 3.56, SRI Instruments, Torrance, CA, USA) software for data 316 
collection. Syngas was collected in stronger FlexFoil sample bags (SKC inc., Eighty 317 
Four, PA, USA) with single polypropylene fittings. Syngas samples were analyzed for 318 
hydrogen vol% in an Omnistar GSD 320 O1 (Pfeiffer Vacuum, Asslar, Germany) mass 319 
spectrometer (MS) with tungsten filament and an atomic mass range of 1 to 100 amu. The 320 
MS used the electron ionization method and a single quadrupole mass analyzer. Ultra 321 
high purity air was supplied by MEGS Specialty Gases, Inc. (Ville St-Laurent, QC, 322 
Canada) for calibration. 323 

 324 
Methodology 325 

The experiment was conducted without the use of a fume hood; instead, the 326 
equipment was operated outdoors in batches of one hour. The amount of wood pellet 327 
consumed during gasification was obtained by measuring the mass of wood pellets with a 328 
scale when refilling the reactor after an experiment. The mass added to the reactor was 329 
divided by the duration of the experiment to determine the consumption rate ( ). 330 
The gasifier operation was repeated according to the following sequence. Excess ash was 331 
removed below the grate of the reactor. Char pellets were added in the reactor, on top of 332 
the ash grate and up to the reactor core until they covered the air inlet nozzles for every 333 
trial. Fresh wood pellets were weighed and poured in the GEK. The gasifier was properly 334 
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sealed and inspected thoroughly. The furnace heat exchanger blower was turned on to 335 
dissipate excess heat. Air from the compressor was allowed in the ejector venturi to 336 
create negative pressure (up to 0.25 kPa) and initiate air flow within the gasifier. Initial 337 
fresh air flow helped in performing a system air flush to remove residual gases from 338 
previous trials. Propane was injected and burned in the swirl burner to flare up the 339 
residual gases. A small propane torch was placed through the ignition port of the gasifier 340 
reactor to activate the combustion zone. The torch was used until the combustion 341 
sustained itself. The core temperature started rising above 70°C, and the ignition port was 342 
then sealed. During the ignition process, the vacuum in the gasifier was kept at 0.25 kPa, 343 
and the amount of propane fed in the swirl burner was decreased gradually as the core 344 
temperature increased. Once it reached the minimal gasification temperature of 700°C, 345 
the propane was disconnected from the swirl burner, and vacuum pressure was adjusted 346 
to the manufacturer's optimal conditions between 1.25 to 1.5 kPa. The secondary air inlet 347 
was then set to flows of either: 0.0, 8.5 or 17.0 m3/hr (0, 5 and 10 cfm) to vary the excess 348 
air to the burner depending on the trial. The syngas combustion was then self-sustained in 349 
the swirl burner.  350 

Throughout the gasification sequence, the gasifier vacuum pressure was regularly 351 
adjusted to compensate for pressure changes occurring while the air compressor was 352 
filling or emptying. For every trial, the portable analyzer was placed through the chimney 353 
port to perform exhaust gas analysis at 5 min intervals. The sample bags were used for 354 
exhaust gas and syngas sampling, which were taken every 15 min, for a total of three 355 
samples per experiment. For exhaust gas sampling, the stainless steel probe was inserted 356 
through the chimney port. The whole sampling line was rinsed with an equivalent of 10 357 
times its volume with the exhaust gas. The sample bags were filled according to SKC Inc. 358 
guidelines (SKC Inc. 2010b). Syngas samples were taken at the top of the packed-bed 359 
filter. Tars and moisture were condensed in the impingers sitting in an ice bath since they 360 
had to be removed to allow analysis in a gas chromatograph or a mass spectrometer. The 361 
syngas sampling line was also rinsed with 10 times of its volume with syngas. Excess gas 362 
was vented outside. Two fresh air samples were taken for every experiment to provide 363 
background gas concentrations. 364 

After one hour, shut down procedures were initiated, the reactor air inlet was 365 
sealed, and the experiment was terminated. The GEK was then monitored while cooling 366 
down. Following the gasification experiment, the gas samples were analysed.  367 
 368 
 369 
RESULTS AND DISCUSSION 370 
 371 
Gasifier Performance 372 
Analysis of sawdust pellets 373 

From the ultimate analysis of sawdust pellets, and with Eqs. 1 and 2, the 374 
 was estimated to be 5.63 kg of dry air per kg feedstock. The wood pellets 375 

higher heating value (HHV), and lower heating value (LHV) obtained on a dry basis were 376 
19.42 MJ/kg and 18.10 MJ/kg, respectively.  377 

 378 
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Combustion time 379 
The duration of a gasification trial with sawdust wood pellets, from the ignition in 380 

the combustion zone until the sealing of the air inlet with the GEK, was an average of 381 
67.1 ± 6.3 min. The time to gasification, defined as the period between ignition of the 382 
combustion zone and the reactor core thermocouple reaching the minimum gasification 383 
temperature of 700°C, was on average 6.1 ± 1.5 min. The difference of these two time 384 
periods represented the duration of syngas combustion, with an average of 61.0 ± 6.9 385 
min.  The average performance results from sawdust wood pellet gasification were 386 
estimated and are compiled in Table 3.  387 

 388 
Table 2. Average Performance Results for Downdraft Gasification of Sawdust 389 
Wood Pellets (average ± standard deviation) 390 

Air intake  (m3/hr) 6.09 ± 0.35 
  (kg/hr) 7.33 ± 0.42 
Biomass consumption rate  (kg/hr) 7.70 ± 0.76 
Syngas flow rate  (m3/hr) 13.40 ± 0.77 
  (kg/hr) 13.51 ± 0.77 
Production ratio (m3

syngas/kgbiomass) 1.74 ± 0.11 
  (kgsyngas/kgbiomass) 1.76 ± 0.12 

    
Power estimation    
 from wood pellet combustion  (kW) 38.8 ± 4.0 
 from syngas combustion  (kW) 23.2 ± 1.3 

    
Cold gas efficiency 60% ± 4% 

 391 
The mass spectrometer analysis from syngas sampling yielded 19.2% H2 (± 392 

0.6%). Compared to the average measurement of 18.7% for H2 provided by All Power 393 
Labs (2010), the measurement of 19.2% was considered acceptable, and was kept for the 394 
remaining analysis. However, in the absence of continuous measurements of the 395 
remaining syngas compounds, average measurements from All Power Labs were used for 396 
CO, CO2, and CH4 (Table 4). The amount of N2 was estimated as the remaining syngas 397 
fraction.  398 

 399 
Table 3. Volumetric Syngas Composition (dry basis) for the GEK Gasifier from 400 
Mass Spectrometry Analysis (H2) and from All Power Labs (2010) Measurements 401 
(CO, CO2, CH4) 402 

H2 CO CO2 CH4 N2 
19.2% 22.7% 9.6% 3.0% 44.7% 

 403 
From the individual gas heating values in Table 4, syngas was characterized by a 404 

HHV of 6.74 MJ/m3, a LHV of 6.24 MJ/m3 and a density of 1.01 kg/m3 (at 101.325 kPa 405 
and 20°C on a dry basis).  406 
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 407 
 Potential for CO2 enrichment & estimation of exhaust gas composition 408 

The maximum theoretical CO2 enrichment potential of the sawdust wood pellets 409 
was 1.73 kg of CO2 per kg of biomass (Eq. 5), if used in complete direct combustion. 410 
Theoretically, when consumed at  = 7.70 kg/hr, assuming complete combustion, 411 
the rate of enrichment would be 13.3 kg CO2/hr, as obtained from Eq. 6. With a 412 
suggested rate of enrichment of 5.6 g CO2/(m2·hr) to reach the optimal CO2 concentration 413 
of 1000 ppm (Hicklenton 1988), the wood pellets could enrich a greenhouse with 414 
maximal surface area of 2379 m2 (Eq. 7).  415 

The same methodology was applied to obtain the actual enrichment potential of 416 
the gasifier following complete combustion of syngas. The syngas was estimated to be 417 
consumed at  = 13.51 kg/hr. Using Eq. 5 and the gas composition,  from 418 
syngas was 0.64 kg of CO2 per kg of syngas, while  was 8.67 kg CO2/hr. The GEK 419 
could theoretically enrich a greenhouse with a surface area of 1548 m2 (Eq. 7). The 420 
enrichment potential for gasification, in terms of greenhouse surface area, was 65% of the 421 
potential for direct combustion.  422 

The results compiled in Table 5 present the energy output per kg of sawdust wood 423 
pellets after complete direct combustion and gasification. The lower energy output of 424 
10.69 MJ/kg, compared to 18.10 MJ/kg, is representative of the cold gas efficiency of 425 
59% for the gasifier. Table 5 compares the potential usable CO2 emitted for enrichment 426 
with the potential heating value of conventional and non-conventional fuels. The CO2 427 
produced from natural gas and propane is less, and comes from a fossilized and non-428 
renewable source of energy, while the CO2 emitted from biomass thermo-chemical 429 
processes was absorbed from the atmosphere during the biomass growth. Results from 430 
this experiment show that biomass used as a CO2 enrichment source could theoretically 431 
supply more CO2 per unit of energy than propane and natural gas. 432 

 433 
Table 4. Energy and CO2 Yield after Complete Combustion of Sawdust Wood 434 
Pellets, Natural Gas and Propane 435 

 Wood pellets (kg) Natural Gas (m3) Propane (L) 

 After 
combustion 

After 
gasification 

After combustion After 
combustion 

MJ / unit of fuel 18.10 10.69 37.89 a 25.53 a 
g CO2/ unit of fuel 1729 1129 1891 a 1510 a 
g CO2/MJ 96 62 50 59 
a: data provided by the Agence de l’efficacité énergétique du Québec (AÉE, 2009) 

 436 
 437 

Syngas Combustion 438 
Equivalence ratio 439 

Results of syngas and air mass flows into the swirl burner with the corresponding 440 
equivalence ratios were compiled for the gasification trials (Table 6):  441 

 442 
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Table 5. Compilation of Syngas and Air Mass Flow Rates into the GEK Swirl 443 
Burner with Respective Equivalence Ratios 444 

Trial 
# 

Syngas mass 
flow rate 

Primary air 
mass flow rate 

Secondary air 
mass flow rate 

Total air mass 
flow rate 

Equivalence 
Ratio 

(kg/hr) (kg/hr) (kg/hr) (kg/hr) 
Avg. 13.51 43.89 11.32 55.20 2.60 
SD 0.77 7.22 7.62 9.16 0.44 

 445 

Syngas mass flow rates were estimated using the combination of Eq. 8 and 9. The 446 
average  was 13.5 kg/hr, and  was 13.4 m3/hr. These results translated to a 447 
production of 1.75 kg, or 1.74 m3, of syngas per kg of gasified sawdust wood pellets. For 448 
syngas with this composition, the stoichiometric air-fuel requirement was 1.58 kg air per 449 
kg of syngas, for an air mass flow rate of 21.3 kg/hr. On average through the 450 
experiments, the air was supplied to the burner at a rate of 55.2 kg/hr, an average A/F of 451 
4.1, and an average ER of 2.6. For the trials, the total equivalence ratios varied between 452 
1.94 and 3.44, which indicated lean combustion. From the literature, as the value of ER 453 
increases, the adiabatic temperature (maximal flame temperature achieved with complete 454 
combustion and no heat exchange) decreases, and results in reduced NOx emissions 455 
(Quaak et al. 1999). According to Quaak et al. (1999), the optimal ER range was found to 456 
vary between 1.6 and 2.5. The average observed ER was 2.6, and was in the higher limit 457 
of this optimal ER range (Table 6). However, a very high ER can lower the adiabatic 458 
flame temperature and reduce the efficiency of the heat exchanger from the boiler or the 459 
furnace in which combustion occurs. It was noted that the ER from the primary air inlet 460 
alone varied between 1.45 and 2.46, with an average of 2.06, indicating that the 461 
secondary air inlet may not be required. 462 
 463 
Exhaust gas measurements 464 

Following the experiments, flue gas compositions were measured with the 465 
portable analyzer (Table 7). 466 

 467 
Table 6. Compilation of Important Flue Gas Compounds from Syngas 468 
Combustion Following Sawdust Wood Pellets Gasification 469 

Trial # CO NOx O2 CO2 
(ppm) (ppm) (%) (%) 

Avg. 8.8 23.6 0.2 8.9 
SD. 4.6 2.8 0.0 1.7 

Peak 
Value 

44 50.9 - - 

Max Avg. 16.4 27.8 0.2 13.0 
Min Avg. 4.4 20.4 0.1 7.0 

 470 
Carbon monoxide 471 

The emitted concentrations of CO, with an average of 8.8 ± 4.6 ppm, were close 472 
to the ASHRAE standards requirements of 11 ppm (Table 1). About 60% of the trials 473 
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maintained an average CO concentration below the ASHRAE standard of 11 ppm, and 474 
90% of the trials had CO concentrations below 20 ppm. The measurement did not show 475 
an actual trend according to ER values, but indicated that this particular burner emitted 476 
CO at concentrations between 16.4 and 4.4 ppm, when varying the ER from 2.0 to 3.5. 477 
The absence of a trend indicated that the varying ER did not impact the CO emissions 478 
linearly in this range. However, Bhoi and Channiwala (2009) had observed higher CO 479 
emissions at A/F ratio close to 1.00, and decreasing CO emissions with increasing A/F; a 480 
wider range of ER for future experimental trials would likely display similar 481 
observations. 482 
 483 
Nitrogen oxide 484 

The NOx emissions reached an average of 23.6 ± 2.8 ppm, which was much 485 
higher than the ASHRAE standards. Normally, an opposing effect on CO and NOx 486 
concentrations should be observed as a result of increasing excess air (De Nevers 2000); 487 
however, NOx emissions did not show a particular trend with increasing ER. The burner 488 
performance for NOx emissions fell between 20.4 and 27.8 ppm, with an ER varying 489 
between 2.0 and 3.5. Additional experimental data would be required, on a wider range of 490 
ER values, to validate this observation. These results indicated that NOx emissions would 491 
be too high for CO2 enrichment with direct flue gas utilisation. Thermal NOx formation 492 
was promoted by a higher residence time for flue gases, probably due to the recirculation 493 
zone observable in the burner combustion chamber (Littlejohn et al. 2007), the high and 494 
sustained average flue gas temperature of 631.6°C in the chimney, and the low efficiency 495 
of the furnace heat exchanger.  496 
 497 
Sulphur dioxide 498 

From the portable analyzer measurements, SO2 emissions were undetectable or 499 
within the margin of error for the instrument (< ± 10 ppm) at its best resolution (1 ppm). 500 
For premium quality sawdust wood pellets, SO2 emissions were therefore considered 501 
insignificant at ppm resolution, as expected from the literature review. Measurements at 502 
parts per billion resolutions would be the next experimental step to confirm that SO2 503 
emissions respect ASHRAE standards, and ensure that the flue gas can be used directly 504 
for CO2 enrichment. 505 
 506 
Ethylene 507 

Gas chromatography analyses for C2H4 emissions were very encouraging. The 508 
difference in C2H4 concentrations from flue gas and fresh air samples implied that syngas 509 
combustion added a mere 12 ppb (parts per billion) in the flue gas (Table 8). In certain 510 
trials, C2H4 concentrations from flue gas were even lower than in fresh air samples. These 511 
low ethylene emissions agreed with the observations from Hanan (1998), who concluded 512 
that C2H4 concentrations remained lower than the critical concentration of 50 ppb when 513 
CO concentrations were not exceeding 50 ppm. In this experiment, 90% of the trials 514 
showed CO emissions below 50 ppm. In fact, C2H4 emissions from syngas combustion 515 
were considered negligible and would not be a cause of plant damage if flue gas was 516 
injected in a greenhouse. 517 

 518 
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Table 7. Ethylene Emissions Following Combustion of Syngas from Sawdust 519 
Wood Pellets Gasification 520 

 C2H4 
in sample 

C2H4 in 
fresh air 

 (ppm) (ppm) 
Avg. 0.055 0.043 
SD 0.060 0.006 
Peak 0.336 - 

 521 
Oxygen and carbon dioxide 522 

Flue gas O2 levels were measured while the theoretical estimations were obtained 523 
from Eq. 10, and gave results shown in Table 9.  524 

 525 
Table 8. Comparison between Estimated Values for Emissions of CO2 and O2 526 
and Measured Values with a Portable Analyzer 527 

 CO2 O2 
Portable analyzer 11.9% 9.0% 
Theoretical 
estimations 

8.7% 8.4% 

 528 
The portable analyzer calculated concentrations of CO2 higher than the previously 529 

calculated value. However, the method of estimation was an indication of the maximum 530 
amount of CO2 that could be emitted according to the fuel composition. This meant that 531 
the actual composition of syngas might have a higher content of CO, CO2, or CH4, 532 
compared to the estimated value used from All Power Labs. Actual measurements of CO, 533 
CO2, and CH4 in syngas would further validate the carbon mass balance of the syngas 534 
combustion.  Nonetheless, average values for CO2 emissions that were calculated as 535 
estimations can provide a range of CO2 emissions useable for enrichment.  536 
 537 
Recommendations  538 

The analysis of the exhaust gas measurements helped determine the priorities to 539 
consider for future design modifications of the syngas burner in order to achieve CO2 540 
enrichment from syngas combustion without the necessity for flue gas post-combustion 541 
control. The average results shown in Table 7 hinted that it could be possible to avoid 542 
post-combustion remediation system for CO. The primary objective of the design 543 
improvements would be to reduce NOx emissions, while maintaining the low CO and 544 
C2H4 emissions. The ultimate objective would be to obtain very low emissions directly at 545 
the chimney, which would ease flue gas utilization for CO2 enrichment. With better flue 546 
gas quality, the absence of cleanup systems would reduce costs and air dilution 547 
requirement before injecting into a greenhouse. Future comparative research should 548 
further assess the differences between combustion and gasification. 549 
 550 
Burner modifications 551 

The Low Swirl Injector, studied by Littlejohn et al. (Littlejohn et al. 2010), is a 552 
particularly interesting burner design, which has proven to perform successfully with 553 
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various fuels of lower heat content, such as biogas and syngas. The air-fuel lean mixture 554 
is injected through two passages: an outer ring of swirl blades allows a portion of the gas 555 
to swirl, while a center-channel leaves the remaining gases unswirled (Littlejohn et al. 556 
2010). The center-channel has a screen with a determined blockage ratio, which 557 
influences the fluid divergence through the two passages and helps in matching the flow 558 
field of the incoming mixture with the flame speed, thus improving flame stability. The 559 
flow of the central passage with the divergent swirl flow helps in retarding the formation 560 
of a central recirculation zone in the burner, which in turn prevents an excess in residence 561 
time that would promote thermal NOx formation (Littlejohn et al. 2010). This burner has 562 
been shown to maintain good flame stability, reduce risks of flame blow off, and to 563 
produce very low emissions at lean operating conditions (Littlejohn et al. 2010). This 564 
design ensures an optimal air-fuel mixing, which is necessary to achieve near complete 565 
combustion, and lower CO, VOCs and PAH emissions. The burner could be further 566 
tested with the operational condition of the GEK to assess its application for CO2 567 
enrichment. 568 

Another approach to reduce CO or NOx emissions in burner design is through the 569 
addition of a catalyst. A wide range of catalysts have been studied in the past for syngas 570 
and biogas combustion including magnesium-, platinum-, and hexaluminate-based 571 
materials. A catalytic mesh combustor was tested by Li et al. (2009) to reduce CO 572 
emissions. The experiment of interest used two wire-meshes in series, separated by a 573 
given distance, using various syngas composition, and achieved conversion ratios of CO 574 
to CO2 at over 90%, while a single layer wire-mesh catalyst performed below 40% (Li et 575 
al. 2009). The double layer mesh catalyser could be an additional option to test in 576 
conjunction with the low-swirl burner to lower NOx and CO emissions.  577 

The syngas combustion would also benefit from a more efficient heat exchanger, 578 
such as water cooling. It was observed that the stack temperature rose up to 631.6°C, 579 
signifying heat losses due to low heat exchange efficiency and longer residence time at 580 
high temperatures for the flue gas which is prone to generate thermal NOx. A better heat 581 
exchanger would improve heat recovery for use in a greenhouse.  582 

From the experimental results, it was calculated that the primary air inlet supplied 583 
enough air to pre-mix with the syngas, and provide adequate ER between 1.5 and 2.5, 584 
which fell in the optimal range mentioned by Quaak et al. (1999). To better compare the 585 
results with future experiments, the range of ER should therefore be kept between 1.0 and 586 
4.0. Since the flame often stretched outside of the burner, future design should also 587 
increase the burner diameter to reduce the air-fuel mixture injection velocity. 588 
 589 
 Emissions measurements and instrumentation 590 

Future research on this topic should assess the isokinetic measurement of fine 591 
particulate emissions to ensure that they respect ASHRAE standards (Eller et al. 1984; 592 
Reed et al. 1988; De Nevers 2000). Syngas composition and emissions of unburnt 593 
hydrocarbons (UHC) or VOCs should also be measured accordingly. This information 594 
would further improve the safety and understanding of CO2 enrichment from syngas 595 
combustion. 596 
 597 
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CONCLUSIONS  598 
 599 

1. An average CO concentration of 8.8 ppm can be obtained from a steel swirl 600 
burner operated with an average equivalence ratio of 2.6. Average results were 601 
below the ASHRAE standards in 60% of trials, and 90% below 20 ppm.  602 

2. The average experimental concentration of NOx emissions was 23.6 ppm, which 603 
would need to be reduced below the acceptable limit of 0.05 ppm during future 604 
research.  605 

3. SOx and ethylene emissions were negligible at ppm levels, and ethylene was 606 
below the critical concentration of 50 ppb for greenhouse CO2 enrichment. 607 

4. Theoretical exhaust gas concentrations of CO2 were below the calculated 608 
concentrations obtained from the portable analyzer, which suggests that the 609 
syngas composition could be different than the estimated composition used in the 610 
calculations, and the actual CO2 enrichment potential of GEK gasifier could be 611 
higher.  612 

5. From empirical data, the GEK operating with sawdust wood pellets could enrich 613 
up to 1540 m2 of greenhouse surface area. Results indicate that gasified biomass 614 
has the potential to provide more CO2 for greenhouse enrichment than propane or 615 
natural gas.  616 

6. A future burner design should aim at reducing NOx emissions and improve the 617 
syngas combustion efficiency by integrating the low swirl design, mesh 618 
catalysers, better refractory material, and a better heat exchanger.  619 

7. In order to prepare for actual tests inside a greenhouse, research should improve 620 
the controls of the gasifier operation, modifying the burner design, comparing 621 
performances using other sources of biomass (such as greenhouse crop residues), 622 
and assessing the exhaust gas for VOC and particulate matter emissions. 623 
 624 
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ABSTRACT CO2 enrichment of greenhouses has been well proven to improve crop 
production whether it occurs from liquid CO2 or combustion of fossil fuels. The main 
objective of this research is to demonstrate the use of a renewable fuel, biomass, to enrich 
a greenhouse with CO2. Biomass, in the form of wood chips or pellets, has received 
considerable interest as a sustainable and economically feasible alternative to heat 
greenhouses. Therefore, there is an opportunity to convert exhaust gases from a 
greenhouse wood heating system into a useful resource. Carbon dioxide can be extracted 
from flue gas via membrane separation which could prove to be an economical 
alternative to electrostatic precipitators. This technique has shown a lot of potential for 
large industries trying to reduce and isolate CO2 emissions for sequestration and could be 
applicable to the greenhouse industry for enrichment. Additionally, some research has 
been done with wet scrubber using particular catalysts to obtain useful plant fertilizer. 
Sulphur (SO2) and Nitrogen (NO) emissions can be stripped out of flue gas to form 
ammonium sulphate as a by-product valuable to fertilizer markets. The potential of these 
techniques will be reviewed while experiments conducted at the Macdonald Campus of 
McGill University will begin in summer 2010.  
 
Keywords: Exhaust gases, wood pellets, biomass, biogas, carbon dioxide, CO2 
reduction, CO2 fertilization, air quality, natural gas, photosynthesis, scrubber, 
membranes, gasification. 

INTRODUCTION A worldwide shift in policy is currently forcing most industries and 
governments to reduce greenhouse gases and alleviate their dependence on fossil fuels.  
The horticulture industry has not been spared of these changes. In northern climates, 
greenhouse operators must address this issue by balancing energy efficiency through 
structural or fuel saving techniques while keeping growing conditions optimal in order to 
compete with an international market. Specifically, heating requires improvements as it 
represents around a quarter of operational costs depending on the energy source (oil, gas, 
electricity, or biomass). Recent fluctuations of fossil fuel prices have increased the 
necessity to explore alternative systems and have allowed biomass heating to become an 
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economically viable option (Chau, Sowlati et al. 2009). Biomass has been recognised as a 
sustainable renewable fuel alternative that can also reduce greenhouse gas production 
(Petersen Raymer 2006). The combustion emissions from biomass are lower than from 
fossil fuels but still occur due to the natural thermo-chemical reaction of combustion. 
However, using waste exhaust gases from a heating system can be beneficial to 
greenhouse plants by providing a viable source of carbon dioxide (Hicklenton 1988). 
CO2 enrichment is one of the commonly accepted techniques to enhance photosynthesis 
resulting in improved yields and income (Chalabi, Biro et al. 2002). Enrichment is 
commonly practiced with pure CO2 in bulk or from combustion of hydrocarbon fuel 
(natural gas or propane). Usually, these fuels are employed in dedicated burners to 
provide CO2 while a separate heating system provides most of the heat to the greenhouse 
(Hanan 1998). Enrichment from the exhaust of a natural gas or propane heating system 
has been proven feasible but using renewable energy could have further benefits. 
However, very little research has been performed on the feasibility of using CO2 from a 
biomass heating system. The greenhouse gases emissions from these units are 
significantly lower on a life cycle basis when compared to fossil fuels and could be 
lowered further through enrichment and absorption by the crops in the greenhouse.  
While the overall system would not be considered carbon neutral throughout its complete 
life cycle, CO2 enrichment from exhaust gases could still be referred as a mean to reduce 
carbon emissions directly at the source. Such an initiative could be part of carbon market 
and sequestration incentive. Furthermore, the use of biomass as the main fuel could 
improve the sustainability of greenhouse management.  

Practically, CO2 enrichment from exhaust gas of biomass boilers is still challenging and 
expensive considering the current practices and exhaust gas composition (Chau, Sowlati 
et al. 2009). However, recent technological development could help reduce cost and make 
this process a possibility. This paper provides an overview of different CO2 enrichment 
benefits and practices from exhaust gas recovery. The usual composition of exhaust gases 
will be detailed to understand the various challenges in obtaining clean CO2 from heating 
systems. Progressively, this review will concentrate on the potential of CO2 enrichment 
from biomass flue gas. For that purpose, common techniques will be addressed, but the 
focus will remain on maturing technologies that may be applicable. 

CO2 ENRICHMENT BENEFITS Carbon dioxide is fixed and reduced into simple 
sugars during photosynthesis. The series of carbon-fixation reactions is called the Calvin 
cycle. However, CO2 reaches this cycle through one of three metabolic pathways 
depending on the plant species (Graham, Graham et al. 2003). The C3 pathway is used by 
the majority of plants on Earth such as common cereal grasses, soybeans and potatoes. 
The C4 pathway is very efficient at fixing CO2 and achieving higher net rates of 
photosynthesis which makes crops such as corn and sugarcane thriving. The CAM 
photosynthesis is common for plants growing in arid and desert conditions. The C3 plants 
are the most common greenhouse crops, but they are less efficient at fixing CO2 around 
ambient CO2 levels.  This reduced efficiency is due to photorespiration, which occurs in 
sunlight and is the consequence of the RuBisCO enzyme combining with oxygen instead 
of CO2. The plant releases some CO2 during the day instead of O2 and as much as half 
of the CO2 fixed may be returned to the atmosphere (Graham, Graham et al. 2003). The 
main consequence of photorespiration for greenhouse operators is reduced biomass yield. 
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The more evolved metabolic mechanisms of C4 and CAM plants reduces 
photorespiration problem directly. For C3 plants, raising CO2 concentrations in a 
greenhouse limits this process by reducing the binding affinity of RuBisCO in the plant to 
inadvertently absorb O2 (Mortensen 1987). Consequently, yields are improved because 
of a higher photosynthetic rate, creating more carbohydrates which translate into 
increased biomass (Sánchez-Guerrero, Lorenzo et al. 2009). Yield increases are observed 
in various plants whether it is through larger total dry mass, bigger and more numerous 
fruits, larger leaves and flowers as well as earlier flowering time and reduced overall 
production time. High carbon-dioxide levels have also been reported to promote 
hormonal responses in terms of enhanced secondary compounds such as essential oils and 
antioxidants (Tisserat and Vaughn 2001). Benefits are widely accepted for general 
commercial greenhouse crops, including fruits, flowers and vegetables. Yields have been 
observed to increase from 21 to 61% in dry mass. Each crop responds differently and has 
an optimal enrichment CO2 concentration level. On average, greenhouse crops benefit 
from concentrations between 700 and 900ppm (Wittwer and Robb 1964; Mortensen 
1987; Willits and Peet 1989; Critten and Bailey 2002; Jaffrin, Bentounes et al. 2003; 
Tisserat, Vaughn et al. 2008; Sánchez-Guerrero, Lorenzo et al. 2009). These optimal 
levels can overcome the C3 pathway inefficiency, but concentrations higher than 
1500ppm can cause permanent damage to some plants. Moreover, injecting CO2 into a 
greenhouse can counterbalance irradiance reductions. For instance, CO2 enrichment can 
fully compensate for a 30% reduction in sunlight (Mortensen and Moe 1983). Higher 
CO2 concentration decreases the leaves stomatal aperture leading to lower transpiration 
rates which correlates into enhanced water use efficiency (Leakey, Uribelarrea et al. 
2006). Since less water is necessary under enrichment conditions, nutrient uptake by the 
plant is increased (Sánchez-Guerrero, Lorenzo et al. 2009). 

COMMON PRACTICES FOR CO2 ENRICHMENT CO2 enrichment is 
recommended from sunrise until sunset and the rate will depend mostly on crop type, 
crop age, CO2 loss and ventilation rates (Mortensen 1987). Ventilation is the major 
parameter that has the most influence on CO2 enrichment performance. In winter, since 
ventilation is reduced, CO2 can reach a level close to depletion if not supplied, while in 
summer, during full ventilation, most of the CO2 injected will be vented out. 
Economically, it is therefore preferable to reduce enrichment during high ventilation 
periods. One management strategy is to inject CO2 only to prevent depletion, thus 
remaining at atmospheric levels (≈380ppm) while benefiting from some yield 
improvements and lower costs (Kläring, Hauschild et al. 2007). Other strategies involves 
maintaining concentration at atmospheric levels during ventilation period and enriching 
up to 800ppm when the greenhouse is kept closed (mornings and late afternoon of 
summer and most of winter) (Sánchez-Guerrero, Lorenzo et al. 2005). Passive cooling 
systems are also promising at reducing the necessity of frequent air exchanges and 
preventing substantial losses of CO2. 

A common source of CO2 is liquefied carbon dioxide from a pressurized tank and is a 
safe option to assure quality gas injection. (Wittwer and Robb 1964) Pure CO2 facilitates 
control the desired concentrations but remains the most expensive source. (Hanan 1998) 
In comparison, fuel combustion is a cheaper alternative for both fixed and operational 
costs. (Hanan 1998) Propane is a popular fuel and consists of a mixture of 65% propane 
and 35% propylene. This later is phytotoxic following incomplete combustion. 
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(Hicklenton 1988) Depending on the access to the supply, natural gas for CO2 
enrichment only, is a safe, economical and popular alternative. (Hanan 1998) 

CO2 ENRICHMENT FROM EXHAUST GASES Exhaust gases taken from heating 
systems provide a “free” source of CO2 for greenhouses. It can be considered free since it 
is a waste product of necessary heating but the method still requires investment for 
installation and maintenance (Hicklenton 1988). The technique bears some technical 
challenges but remains possible as long as optimal management strategies are followed, 
flue gas is cooled and toxic compounds are removed. Work by Chalabi et al (2002) have 
also confirmed significant economic benefit of CO2 enrichment from exhaust gases over 
pure CO2 (Chalabi, Biro et al. 2002). 

Optimal management strategies Heating periods might not always coincide with CO2 
enrichment, requiring management strategies for optimal efficiency. Heating occur 
mostly at night (depending on climate) while CO2 enrichment is required only during 
irradiance events typically during the daytime. A typical solution is to store the heat in a 
hot water or thermal fluid tank when producing CO2 for the plants during the day. The 
hot fluid can then heat the greenhouse during the night via a forced air systems or 
radiation pipes (Chalabi, Biro et al. 2002). A second option, suggested for mild winter 
climates, is to enrich only in the mornings and late afternoon when solar greenhouse 
heating is at its lower levels. This morning/evening method proves to be useful since 
ventilation is typically not functioning during these time periods and increases 
enrichment efficiency (Sánchez-Guerrero, Lorenzo et al. 2005). It has been reported that 
injecting higher concentration of CO2 than required, starting one hour before sunrise and 
for two subsequent hours, has produced similar results to continuous enrichment 
(Longuenesse 1990). In general, optimal enrichment procedures during the daytime will 
increase yields by 11% and this benefit increases to 24% when using heat storage 
strategies (Chalabi, Biro et al. 2002). 

Toxicity of main compounds Theoretical combustion of hydrocarbons produces heat 
and emits Carbon dioxide and water vapour. However in practice, incomplete combustion 
generates compounds which can pollute the greenhouse atmosphere. If not treated, these 
can be detrimental to plant health as much as ultra-high CO2 concentrations. The main 
compounds of interest produced during the combustion process are carbon monoxide 
(CO), nitrogen oxides (NOx), sulphur oxide (SOx), ethylene (C2H4), other VOCs, and 
fine particulates since they tend to be in higher concentrations in the exhaust gas of 
inefficient heating systems of greenhouses. (Hanan 1998)  

Ethylene acts as a plant hormone which provokes early senescence (leaf death) in plants 
(Mortensen 1987). However, Hanan (1998) has concluded that ethylene can remain lower 
than the critical concentration of 50ppb as long as the flue gas CO does not exceed 
50ppm (Hanan 1998). Still, even the best combustion systems using propane or natural 
gas might not avoid ethylene production but the concentration should remain low enough 
to be diluted and untraceable inside the greenhouse (Hicklenton 1988). Sulphur dioxide is 
produced only if sulphur is present in the fuel. For instance, SO2 emissions were  
common when low quality kerosene was used, but are now significantly reduced with 
low-sulphur kerosene (less than 0.06% sulphur) (Mortensen 1987). Sulphur is found in 
biomass fuels but the resulting SOx emissions are generally considered minor combustion 
products (Van Loo and Koppejan 2008). For instance, wood pellets contain as low as 
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0.01% sulphur which makes SOx hardly measurable in stack (Todd October 6th 2008). 
Nonetheless, SOx should not be neglected since it remains one of the most important 
compounds for air pollution control (De Nevers 2000).Nitrogen oxides, whether in the 
form of NO or NO2, can be absorbed by plants and cause injuries such as clorosis, 
necrosis or growth reduction (Mortensen 1987). NOx have been measured following 
enrichment using propane, kerosene, natural gas and biomass (Hicklenton 1988). It can 
reduce photosynthesis significantly at levels above 250ppb depending of the crop (Hanan 
1998).  

For injection of CO2 in greenhouses, human health and safety have to be considered, and 
control measures must be applied. The source of the CO2 can result in the production of 
hazardous compounds such as carbon monoxide which is very toxic for human and fine 
particulates which can cause respiratory problems. Compiled data from 2005 ASHREA 
are in Table 1. Indoor air quality standards for people are, for the most parts, stricter than 
the thresholds set for plants health. Therefore, respecting ASHREA standards should 
ensure clean greenhouse air quality for both workers and crops. 

Table 1. ASHREA Standards to Indoor Environment 

Compound  Concentration limit 
Acrolein C3H4O 0,02 ppm 
Acetaldehyde C2H4O 5,0 ppm 
Formaldehyde CH2O 0,1 ppm 
Carbon Dioxide CO2 3500 ppm 
Carbon Monoxide CO 11 ppm (8h) 
    25 ppm (1h) 
Nitrogen Dioxide NO2 0,05 ppm 
    0,25 ppm (1h) 
Ozone O3 0,12 ppm (1h) 
Particulate  40 μg/m3 (8h) 
    100 μg/m3 (1h) 
Sulphur Dioxide SO2 0,019 ppm 
VOC   0,003 ppm 
 

Natural Gas and Other Hydrocarbons Assuming proper combustion, natural gas is 
typically accepted by the industry to produce clean CO2 from exhaust gas and is directly 
injected into the greenhouse (Chalabi, Biro et al. 2002). Chalibi et al (2002) reported that 
enrichment using natural gas typically increases fuel consumption by 25% from what is 
used for meeting the greenhouse heating requirements (Chalabi, Biro et al. 2002). 
However, this observed value could be reduced since it strongly depends on optimal 
enrichment strategies including system heat recovery efficiency. CO alarms are required 
inside the greenhouse since incomplete combustion of natural gas could be harmful, both 
for plants and humans. Water vapour can also be a concern and should be removed via 
condensers as it can cause fungus and mould growth within the glasshouse (Chau, 
Sowlati et al. 2009). Standard greenhouse practices dilute the exhaust gas with outside air 
which condense water vapour, decreases the flue gas temperature, and reduces harmful 
gas concentration to acceptable levels. The cool diluted gases are then distributed 
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throughout the greenhouse with standard circulation fans or perforated plastic tubes 
(Chalabi, Biro et al. 2002). 

Unconventional Source 
Landfill Biogas Combustion of biogas, collected from a landfill, has been proven viable 
to supply both heating and CO2 (Jaffrin, Bentounes et al. 2003). The extracted gas is 
directed into a combustion boiler which discharges the CO2 inside a greenhouse once it is 
purified. Using biogas has its share of challenges considering it is a mixture of methane, 
carbon dioxide, residual oxygen and nitrogen along with hydrogen sulphide, various 
mercaptans, fat acids and more than 200 VOCs, all of which are below 100 ppm. 
However, since biogas is extracted from a heterogeneous landfill, its composition can 
vary. For instance, methane content can range between 23 to 54% depending on the 
conditions. The VOCs are predominantly destroyed once the gas is flared at over 900oC. 
Sulphuric acid is produced in the boiler from the reaction of SO2 with water which 
increases corrosion. Rust appears in most exhaust gas recuperation system and can be 
avoided using stainless-steel equipment. A gas scrubber using a chemically reactive 
liquid purifies the gas from acid contaminants with periodic addition of NaOH or KOH to 
maintain pH above 8.0 (Jaffrin, Bentounes et al. 2003). To reduce risks of toxicity, the 
exhaust gas is cooled down and diluted up to 50 times with fresh air. Compounds such as 
CH4, CO2, O2, H2S, SO2 NO, NO2, C2H4 and other VOCs are typically not detected at 
the exit of the scrubber after combustion (Jaffrin, Bentounes et al. 2003). However, 
Jaffrin et al (2003) reported that most toxic gases were found to be diluted and 
undetectable once injected in the greenhouse. Carbon monoxide, while detectable, was 
well below ASHRAE safety regulations (Jaffrin, Bentounes et al. 2003). Thereafter, they 
observed 30% yield increase in the supplemented greenhouse. 

BIOMASS HEATING SYSTEMS Biomass resources such as wood residues, wood and 
grass pellets, agricultural residues or municipal solid waste can be appropriate fuels to 
provide both heat and CO2 to a greenhouse. Biomass is acknowledged to be renewable 
by many governmental institutions and has proven to be profitable even compared to 
natural gas (Chau, Sowlati et al. 2009).  

However, biomass combustion is not as clean as natural gas combustion. While it 
produces CO2 and water vapour as well, it also leads to higher emissions of NOx, SOx, 
CO, and VOCs. Still, it must be reminded that the overall life-cycle greenhouse gas 
emissions of biomass compared to natural gas are much lower (Dones 2003). Therefore, 
more CO2 is emitted at the stack of biomass boiler, but when considering resource 
extraction, transportation, transformation, use and disposal, and carbon fixation by trees, 
the carbon balance is better than with natural gas.  

In terms of enrichment applications, combustion of dry and clean wood biomass can 
produce two times more useful CO2 than natural gas for the same energy unit (Chau, 
Sowlati et al. 2009). Exact flue gas composition depends on furnace technology and 
efficiency. A well adjusted flow of oxygen should be pumped in the combustion chamber 
to limit VOCs and CO leakage. However, this process might cool down the exhaust gases 
prematurely to a point preventing conversion of CO into CO2. (Johansson, Leckner et al. 
2004)  
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The greenhouse research center, “Centre d'information et de développement expérimental 
en sericulture” (CIDES), has performed an experiment using a corn stove as a fuel source 
to supply CO2 to a greenhouse (Léveillée and Gendreau 1998). They reported that 1.7kg 
of CO2 was produced from 1 kg of corn. For comparison, propane yields 3kg of CO2 per 
1 kg of fuel. The costs were approximated to be at 0.11CAN$/kg for corn, 0.18CAN$/kg 
for propane and 0.17CAN$/kg of natural gas. These results reveal the potential of using 
biomass for CO2 enrichment, but would need to be adjusted to the economic realities of 
the particular geographical location of application. Further consideration on the 
economics need to include the specific combustion efficiency of the system. The 
concentrations of the NOx, SOx, CO and ethylene were below toxicity levels while fine 
particulates were not listed in the report. 

Emission removal methods Nowadays, VOC and CO emissions are limited by ensuring 
high temperature and proper oxygen injection in the combustion chamber (Jaffrin, 
Bentounes et al. 2003). The main undesirable emissions from biomass combustion are 
fine particulates which must meet local municipal regulations when vented outside. 
Therefore, when injecting biomass exhaust gas into a greenhouse, particulate levels must 
be lowered, as low as 40µg/m3 according to ASHREA standards 2005, to respect 
workplace safety regulations. Reducing fine particulate concentration can be particularly 
costly. Scrubbers, cyclones and fabric filters are not always able to remove the fine 
particulate to the concentrations required.  Electrostatic precipitators (ESP) are the only 
option to reduce the concentrations to acceptable levels.  Unfortunately, an ESP can 
increase initial costs substantially and consequently decrease net present value of the 
whole system from 17 to 70%, making it only feasible for greenhouses larger than 7.5ha 
(Chau, Sowlati et al. 2009). Ultimately, a more affordable technique is required for fine 
particulates removal to practice safe and economical CO2 enrichment from biomass. 
There are several methods to reduce undesirable emissions which can be categorised in 
two types (Devi, Ptasinski et al. 2003). The primary methods are modification and design 
choices made to the heating system itself while secondary methods are external to the 
heating system and can be added on. 

Internal Modification The efficiency of biomass conversion into energy depends on the 
chosen thermo-chemical reaction as well as the system’s design. Internal modifications 
are important at reducing fuel consumption, pollution emissions and the costs of external 
modification. They may even alleviate the necessity of external modifications. Among 
the main thermo-chemical processes of biomass, combustion is the most well known and 
widely applied reaction for heating. Nonetheless, gasification is showing a lot of 
promises both in research and commercial applications (Devi, Ptasinski et al. 2003) 
(Murray 2010). Gasification converts biomass into a combustible gas mixture (syngas, 
comprised mostly of CO and H2) by combining low oxidation with high temperatures. At 
this level of oxidation, much less fine particulates will be emitted from the stack. By 
coupling a gasification chamber to a combustion chamber, the syngas is burned 
separately from the biomass fuel. With this design and an adequate level of air supply, 
fine particulates and undesirable gases can be reduced greatly. The energy efficiency for 
a gasification system is also higher than for combustion (Devi, Ptasinski et al. 2003). Net 
conversion efficiency for biomass combustion is reported to be at 20 to 40%.  
Gasification coupled with combustion can provide 40 to 50% net efficiencies (McKendry 
2002). Consequently, gasification, along with a proper system design, could be a first step 
at facilitating CO2 enrichment of greenhouses with biomass. 
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External Modification - Scrubbing systems Over the last decade, it has been observed that 
the adverse nitrogen oxides and sulphur oxides found in exhaust gases could be 
transformed into valuable by-products. Research suggested the conversion of NOx and 
SOx into nutrients for greenhouse plants fertilization, by mean of a scrubbing system 
with particular catalysts (Chou, Bruinius et al. 2005). The system exhaust gas originated 
from a heating system fuelled with biogas extracted from a landfill. Sulphur oxide is 
usually reduced from flue gas when scrubbed with aqueous ammonia to form ammonium 
sulphate as a by-product (Long, Xiao et al. 2004). The later is quite valuable for fertilizer 
markets as several million tons are produced each year in the United-States (Chou, 
Bruinius et al. 2005). It was found that NO and SO2 could be simultaneously eliminated 
by adding cobalt (CO(NH3)62+) and iodide (I-) ions, at an optimal molar concentration 
ratio, into the standard aqueous ammonia solution. The process resulted in the conversion 
of NO into nitrite and nitrate and the subsequent absorption and oxidation of SO2 into 
sulphate. UV irradiation at 360nm was used to improve regeneration of cobalt(II) cations 
which helped maintain NO removal efficiency. The presence of SO2 in the exhaust gas 
feed was essential for iodide ions regeneration. Conveniently, the process can be easily 
integrated in existing desulphurization scrubber (Long, Xiao et al. 2004).  

The concept of waste, from municipal or industrial sources, is progressively being 
recognised as a resource. The same could be applied to exhaust gas. First, reducing 
emissions improves the overall efficiency of a process and second, the captured gases can 
become a useful resource. Further research is needed to assess the quality of fertilizers 
scrubbed from exhaust gas. These scrubbing systems could supply nutrients directly into 
the irrigation network of the greenhouse while the leftover gas, composed mainly of CO2, 
could be injected for enrichment. Future projects could demonstrate economical 
feasibility and overall sustainability of the method. Finally, a life-cycle analysis could 
compare these fertilizers with standard ones. 

External Modification - Membrane separation of CO2 Green and Maginnes (1978) 
developed a membrane based CO2 system using an odorant free natural gas-fired turbine 
system for CO2 enrichment. Exhaust gases exited the stack at around 450oC and 
contained about 2% CO2, 16 ppm NOx and no SO2. The exhaust was cooled to 82oC and 
directed between the two covering layers of polyethylene of the greenhouse. The nature 
of the polyethylene cover allowed high permeability of CO2 but prevented diffusion of 
NOx which were at toxic levels. While providing heat to the greenhouse, it also supplied 
considerable concentrations of CO2, between 1500 to 6000ppm. In terms of yields, the 
greenhouse produced 15% more fruit than the non-enriched area (Maginnes and Green 
1978). However, this particular application of polymer membranes did not reach a wide 
commercial adoption in the greenhouse industry. Most researches focus on membrane 
separation from fossil fuel combustion as a mean to store and sequester CO2 (Yang, Xu 
et al. 2008). However, membranes could be applicable for CO2 enrichment to reduce 
greenhouse gases at the source. 

Membrane technologies are currently used for post-combustion capture of carbon dioxide 
(Zhao, Riensche et al. 2008). Compare to the conventional process of reversible solvent 
absorption, membranes are more energy efficient and much simpler for CO2 capture 
(Scholes, Kentish et al. 2008). Yang et al, in their review of CO2 separation and capture, 
had stated that the membrane process was the most promising technologies amongst all 
the others for its energy-saving, space-saving and ease for scale up (Yang, Xu et al. 
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2008). It is these exact characteristics that make membrane separation appealing for 
greenhouses application. 

Two important characteristics serve to determine a membrane performance. First, the 
permeation rate (Ji) represents the flux of a particular gas (i) through the membrane. This 
rate depends on the permeability ( *

iP ), the area (Am) and the thickness (δ) of the 
membrane and is driven by the pressure differential (ΔP) between both sides (Scholes, 
Kentish et al. 2008). This pressure difference will constitute the majority of the cost 
associated with membrane separation. The following equation, assuming ideal gas, shows 
the relationship between these variables: 

PA
P

J m
i

i ∆⋅⋅
δ

*

 (1) (Ho, Allinson et al. 2008) 

A greenhouse owner could purchase a particular membrane which would have known 
thickness (δ) and permeability ( ). With a plant base approach to CO2 enrichment, the 
rate of CO2 to be given during the day would be identified according to the crop.  

The second important characteristic is the selectivity of the membrane and this will 
dictate the membrane’s ability to allow diffusion of one gas and retain a different gas 
(Scholes, Kentish et al.). Most membranes have particularly high selectivity between two 
main gases such as CO2/N2, CO2/H2 and CO2/CH4 (Scholes, Kentish et al.). It was 
determine that a ratio higher than 200 for the two gases was required for membranes to be 
a viable process (Zhao, Riensche et al. 2008). There are various mechanisms that affect 
membrane separation including molecular sieving and solution-diffusion. Molecular 
sieving depends on the kinetic diameter of the molecules as well as the membrane pores 
sizes which will determine which gas can pass (Scholes, Kentish et al. 2008). Carbon 
dioxide has the benefit of having smaller kinetic diameter than most of the other 
compounds found in the flue gas. On the other hand, when membranes are non-porous, 
solution-diffusion is the main mechanism. Indeed, it is the solubility of a gas within the 
membrane and its diffusivity through the membrane structure that will determine the 
permeability and selectivity (Scholes, Kentish et al. 2008). The relationship between 
those two characteristics is important since a highly permeable membrane will usually 
have a lower selectivity (Scholes, Kentish et al. 2008). Most membranes are made of 
polymeric materials of different compositions to offer best cost-effective performance 
(Scholes, Kentish et al. 2008). It has been observed that the technology becomes 
competitive when flue gas CO2 concentration is higher than 10%, depending on the 
application and the purity level desired (Carapellucci and Milazzo 2004). 

Regardless of the material composition, membranes should have good thermal and 
chemical robustness along with good resistance to plasticisation and aging (Scholes, 
Kentish et al. 2008). Those properties combine with affordable manufacturing processes 
will ensure a cost-effective durability of the membrane. Although some material may 
offer the purest quality of CO2, the greenhouse industry has easy and affordable access to 
polyethylene and polycarbonate materials. Silicon membranes have also shown 
interesting diffusion properties in post-harvest storage of produce, an industry similar to 
the greenhouse industry. These particular materials, which are commercially available, 
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could offer interesting application possibilities for CO2 separation from flue-gas 
(Stewart, Raghavan et al. 2005). 

Issues to take into consideration are the accumulation of condensable vapour within the 
membrane matrix resulting in lower permeability and selectivity, as well as undesirable 
gases, such as CO, NH3, H2S, SOx and NOx, which can degrade the material 
prematurely (Scholes, Kentish et al. 2008). Fine particulates may also accumulate on the 
membrane and block membrane pores. Limited research had been performed on the effect 
of these gases on membranes and could become very beneficial when evaluating the 
feasibility of this technology for greenhouse CO2 enrichment. Further research projects 
should develop this specific application of membrane separation technologies and assure 
affordability to greenhouse owners. 

CONCLUSION Conclusion CO2 enrichment is renowned as a profitable fertilizing 
method for greenhouse owners whether it is from pure CO2 or from fossil fuel 
combustion. Biomass heating could serve as an alternative fuel to reduce greenhouse 
gases while CO2 enrichment from the exhaust gas could help improving the overall 
carbon footprint. With current commercially proven technologies, biomass heating for 
CO2 enrichment is a very expensive process since it requires electrostatic precipitators to 
remove fine particulates matter from the exhaust. By improving boiler efficiency, 
whether through combustion, gasification or a combination of both, little VOCs and 
particles would be produced. Current available scrubbers can alleviate NOx and SOx, but 
there is room to improve the technology to produce ammonium sulphate fertilizers that 
could be used directly in the greenhouse. Additionally, membrane separation techniques 
could be very efficient in preventing fine particles and undesirable gases to be diffused 
into the greenhouse while keeping a CO2 enriched greenhouse safe for workers. It 
remains to be seen the final strategy will involve using a scrubbing, a membrane or both 
together. The membrane technology has the potential of being simpler to use and 
maintain for greenhouse owners who have direct access to materials such as polyethylene 
or polycarbonate. Further research need to be performed to optimize this CO2 enrichment 
method from biomass fuels. 
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Louis-Martin Dion 
and Mark Lefsrud

Bioresource Engineering
McGill University

Macdonald Campus

New research is providing
greenhouse operators with an
opportunity to convert exhaust
gases from a greenhouse wood
heating system into a useful
resource. Conducted at McGill’s
Bioresource Engineering
Department, this research is
focusing on the use of renewable
biomass combustion fuels.
Professor Mark Lefsrud, who is
leading this new research, is
capitalizing on the recent
explosion of interest in biomass.
Often in the form of wood chips
or pellets, biomass can be seen
as a sustainable and
economically feasible alternative
to heat greenhouses. 

Greenhouse industry
directly affected by

changes

The horticulture industry has
received increased pressure to
reduce greenhouse gas
production and operational
costs due to high energy
consumption. This has been
brought forward by the
worldwide shift in energy policy
requiring most industries and
governments to reduce
greenhouse gas emissions and
dependence on fossil fuels.
Greenhouse operators must
address this issue by balancing
energy efficiency through
structural or fuel saving
techniques, while maintaining
optimal growing conditions in
order to compete with an ever
increasing competitive market.
Heating represents around a
quarter of operational costs
depending on the energy source
(oil, gas, electricity, or biomass)
and so it is to the growers
economic advantage to reduce
energy costs and, consequently,
their environmental footprint. 

CO2 emissions reduced

with biomass options

Recent fluctuations of fossil
fuel prices have increased the
necessity to explore alternative
systems and this has allowed
biomass heating to become an
economically viable option.
Biomass resources such as wood
residues, wood and grass
pellets, agricultural residues or
municipal solid waste are all
options that are being explored. 

The life-cycle carbon dioxide
(CO2) emissions from biomass
are at least 90% lower than from
natural gas, but still occur due to
the natural thermo-chemical
reaction of combustion.
However, using waste exhaust
gases from a heating system can
be beneficial to greenhouse
plants by providing a viable
source of carbon dioxide. CO2
enrichment is one of the
commonly accepted techniques
to enhance photosynthesis
resulting in improved yields and
income. Operators typically
increase levels from 800 to 1000
ppm from an atmospheric level
of 380 ppm.  Enrichment is
commonly practiced with pure
CO2 in bulk or from combustion
of hydrocarbon fuel (natural gas
or propane). Usually, these fuels
are employed in dedicated
burners to provide CO2 while a
separate heating system
provides most of the heat to the
greenhouse. CO2 enrichment
from the exhaust of a natural gas
or propane heating system has
proven to be feasible, but using
renewable energy could have
further benefits.  In terms of
enrichment applications,
combustion of dry and clean
wood biomass can produce two
times more useful CO2 than
natural gas for the same energy
unit. 

The Quebec greenhouse
research centre, “Centre
d’information et de
développement expérimental en
serriculture” (CIDES, Canada),
had begun promising
demonstrations of CO2
enrichment from corn based
biomass. It was reported that 1.7
kg of CO2 was produced from
the combustion of 1 kg of corn.
In comparison, propane yields 3
kg of CO2 per 1 kg of fuel. The
costs were approximated to be
0.11CAN$/kg for corn,
0.18CAN$/kg for propane and
0.17 CAN$/kg for natural gas. 

Emission challenges

Since life cycle greenhouse
gases of biomass are
significantly lower in emissions
than fossil fuels, they could be
lowered further through
enrichment and absorption of
CO2 by the crops growing in a
CO2 fed greenhouse. While the
overall system would not be
considered carbon neutral
throughout its complete life
cycle, CO2 enrichment from
exhaust gases could still be
viewed as a means to reduce

carbon emissions directly at the
source. Such an initiative could
be part of a carbon market and
sequestration incentive. 

In practice, CO2 enrichment
from the exhaust gas of biomass
boilers is still challenging and
expensive, considering the
current equipment and exhaust
gas composition.  Many of the
exhaust gases (carbon monoxide
(CO), nitrogen oxides (NOx),
sulphur oxide (SOx), ethylene
(C2H4), other VOCs, and fine
particulates) are toxic to humans
and plants and must be removed
or diluted before injection into
the greenhouse. One possible
solution is using membrane
separation to extract CO2 from
flue gases. This technique has
shown a lot of potential for large
industries trying to reduce and
isolate CO2 emissions for
sequestration and could be
applicable to the greenhouse
industry for enrichment. 

Recent research at 
McGill University

Our research is focusing on
comparing gasification and
direct combustion. Gasification
converts biomass into a
combustible gas mixture
(syngas, comprised mostly of
CO and H2) by heating the
biomass under high
temperatures and low oxygen.
Through this process, far fewer
fine particulates are emitted
from the stack. By coupling a
gasification chamber to a
combustion chamber, the syngas
is burned separately from the
biomass fuel. With this design
and an adequate level of air
supply, fine particulates and
undesirable gases can be
reduced greatly. The energy
efficiency for a gasification
system is also higher than for
combustion. Net conversion
efficiency for biomass
combustion is reported to be at
20 to 40%. Gasification coupled

with combustion can provide 40
to 50% net efficiencies.
Consequently, gasification,
along with a proper system
design, could be a first step at
facilitating CO2 enrichment of
greenhouses with biomass.

We are enthusiastic about our
MAPAQ (Ministère de
l'Agriculture, des Pêcheries et de
l'Alimentation)-funded research
project and the benefits it could
have on the greenhouse industry
in Quebec. We know that
through leading edge research,
we can help keep Quebec
greenhouse operators at the
forefront of the world while
ensuring that the industry is
able to meet new and emerging
environmental standards for
CO2 emissions. 

We welcome your interest. 

Dr. Mark Lefsrud can be contacted at

mark.lefsrud@mcgill.ca

or visit his website at

www.mcgill.ca/biomass-production-lab/
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Biomass Heating for 
Improved Greenhouse Efficiency
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Top: Macdonald Campus Horticultural Center Greenhouses; Bottom: Gasifier unit under maintenance.



 
 

          

 Le Comité cultures en serre du CRAAQ, en 
collaboration avec le Syndicat des 
producteurs en serre du Québec, le 

ministère de l’Agriculture, des Pêcheries 
et de l’Alimentation du Québec et 
l’Institut de recherche en biologie 

végétale de l’Université de Montréal 
 

        

    

 
 

LES MEMBRES DU COMITÉ ORGANISATEUR 
 
André Mousseau, président du Syndicat des 
producteurs en serre du Québec 
Claude Vallée, agr., M. Sc., Institut de technologie 
agroalimentaire 
Jacques Brodeur, chercheur, Université de 
Montréal 
André Carrier, agr., MAPAQ Chaudière-Appalaches 
Julie Ouellet, conseillère en innovation horticole, 
MAPAQ 
Steeve Pepin, Ph. D., Université Laval 
Sophie Rochefort, Ph. D., Institut québécois du 
développement de l’horticulture ornementale  
Jacques Thériault, agr., M. Sc., CIDES 

Jean-Luc Poirier, M. Éd., Syndicat des producteurs 
en serre du Québec  

L’ESPACE EXPOSITION 

Production de tomates de serre 
biologiques en bac de culture avec 
recirculation et oxygénation du sol 
Par : Martine Dorais, Valérie Gravel,  
Claudine Ménard et Steeve Pepin 
 
Démonstration du logiciel « Virtual 
Grower » 
Par : Régis Larouche, l’IQDHO 
 
Lutte biologique en serre 
Produite par : Liette Lambert, MAPAQ-
CRAAQ 
 
Influence de la qualité du substrat sur la 
finition froide des poinsettias, 
Par : Jean-Pierre Fortin, Fafard et Frères ltée 
 
 

Frais d’inscription : 60 $, taxes incluses 
Stationnement via rue Sherbrooke 

 

 
 
 
 
 
 

 

FORUM 2011 
 

LA RECHERCHE ET L’INNOVATION 
EN SERRICULTURE 

 
 
 

 
 
 
 

 
 

Au Jardin botanique de 
Montréal 

« Auditorium Henry-Teuscher » 
4101, rue Sherbrooke Est à Montréal 

 
 

 
 
 
 

 
 

Le mercredi 9 novembre 2011 
À compter de 8 h 30 

http://www.mapaq.gouv.qc.ca/Fr/Accueil/Accueil.htm


PROGRAMME DE LA JOURNÉE  
 

 

 
 

  

 

9 h Ouverture : 

 André Mousseau, président du SPSQ 

 Jacques Brodeur, Ph. D., Institut de recherche 
en biologie végétale (IRBV), Université de 
Montréal 

 Michel Labrecque, Conservateur, Jardin 
botanique de Montréal 

 Éric Chagnon, président du Comité cultures en 
serre, CRAAQ 
 

9 h 15 L’accès aux ressources génétiques menace-t-il la 
lutte biologique en serre? 

 Jacques Brodeur, professeur titulaire, 
département des sciences biologiques IRBV 
 

9 h 40 Des saules pour chauffer les serres  

 Michel Labrecque, Conservateur, Jardin 
botanique de Montréal, chercheur à l’Institut 
de recherche en biologie végétale. 

 
10 h 05 L’effet du CO2 et de la fertilisation azotée sur 

les pucerons et leurs ennemis naturels en 
culture de poivron 

 Annabelle Firlej, Ph D., étudiante 
postdoctorale, IRBV 

 
10 h 30 Pause et visites des serres :  

Visite des serres expérimentales de l’IRBV 
 Visite des serres de production du Jardin 
 botanique de Montréal   

11 h 15 Étude de la qualité externe, organoleptique et 
 nutritionnelle de la tomate de serre tout au 
 long de la filière 

 Martine Dorais, Ph. D., chercheure, Agriculture 
et Agroalimentaire Canada (AAC) 

 
11 h 35 Enrichissement des serres en CO2 à partir du 

chauffage au bois  

 Louis-Martin Dion, ing. jr. M. Sc. en génie des 
Bioressources, McGill 
Mark Lefsrud, - Ph D., Department of 
Bioresource Engineering, Macdonald Campus, 
McGill University 
 

12 h Repas 
 
12 h 20 Visite du nouveau Centre de recherche sur la 

biodiversité 
 

13 h 15 Évaluation de fertilisants à base organique 
 pour la production en serre d’annuelles 
 ornementales 

 Sophie Rochefort, Ph. D., gestionnaire de 
 l’innovation, Institut québécois du 
 développement de l’horticulture ornementale 
 (IQDHO) 
 
13 h 40 Outil de gestion pour réduire les rejets 
 d’engrais dans l’environnement et leurs coûts 
 associés chez les petites entreprises de 
 production de tomate de serre 

 Gilles Cadotte, agr., Centre d’information et de 
développement expérimental en serriculture 
(CIDES) 

14 h 05 Comparaison de l’efficacité de la qualité du 
 substrat et de la gestion de l’irrigation en 
 production serricole 

 Reza Nemati, Ph. D., responsable Recherches & 
Développement, Fafard et Frères Ltée 

 
14 h 30 Pause et visites des serres 

Visite des serres expérimentales de l’IRBV 
 Visite des serres de production du Jardin 

botanique de Montréal botanique de Montréal 
 
15 h 15 Approche de réseautage dans les chaînes 

d’innovation et retombées attendues 
 Réal Jacob, professeur titulaire, directeur, 

valorisation et transfert, HEC Montréal - École 
de gestion 
 

15 h 40 Ateliers sur le réseautage dans la chaîne 
d’innovation en serriculture 
Plénière sous la présidence de Réal Jacob, HEC 
Montréal 

 
16 h 30 Clôture 
 André Mousseau, SPSQ 
 Jacques Brodeur, IRBV 
 Éric Chagnon, SPSQ 

 
17h00 Cocktail 

Une gracieuseté de Climax Conseils et  
du Club Savoir-Serre. 



Technical Sessions
ASABE 2011 Annual International Meeting – Louisville, Kentucky USA

Monday, August 8 – 9:30AM-12:00PM
SESSION 111 (SE-7) INNOVATIVE SYSTEMS AND RESOURCE SAVINGS

STRATEGIES IN CONTROLLED ENVIRONMENTS –
Sponsored by SE-303
Moderator: Peter P. Ling, Ohio State University, Wooster, OH
LOCATION: BECKHAM

Time Paper # Title/Authors
9:30AM Introduction
9:35AM 1110534 Operation of a pilot-scale plant-factory with multiple lighting sources.

Eiichi Ono, Tokyo, Japan (E. Ono, H. Usami, F. Masayoshi, H. Watanabe)
9:50AM 1111686 Ice Bank Air Conditioner for Fresh Produce Storage

Luke P. Syse, University of Wisconsin, Blanchardville, WI (Presenter: David
Bohnhoff; L.P. Syse, A.J. Gardebrecht, J.C. Banach, M.D. Muehlbauer, A.J. Lofy,
S.A. Sanford, D.R. Bohnhoff)

10:05AM 1110963 Carbon Dioxide Enrichment of a Greenhouse using Biomass Combustion
Megan S. Fulleringer, McGill University, Ste-Anne-de-Bellevue, QC, Canada (M.
Fulleringer)

10:20AM 1111289 Cooling Capacity Assessment of Semi-Closed Greenhouses
Wee Fong Lee, Ohio State University, Wooster, OH (P.P. Ling, H.M. Keener)

10:35AM BREAK
10:45AM 1111464 Design of an Aquaponics System under Controlled Environment

Shuhai Li, Morrisville State College, Morrisville, NY (S. Li, B.D. Ballard, C.
Campbell)

11:00AM 1110612 Data Preparation for make decision in ventilation system management
Daniella J. Moura, Unicamp, Sao Paulo, Brazil (T.M. Ridolfi de Carvalho; D.J. de
Moura; L.H. Antunes Rodrigues; S.R. de Medeiros Oliveira)

11:15AM 1110775 Preliminary Investigation Results on Environmental Quality of Rural Area
affected by air pollution from the Industrial Complexes
Hae Geun Jin, Gyeongsang National University, Jin Ju, South Gyeongsan, South
Korea (H.G. Jin)

11:30AM 1110776 Demonstration of Pilot-Scale field experiment on the Stabilization of Heavy
Metals using Steel Refining Slag in Farmland Soil Contaminated by Mine
Tailing.
Sin Il Kang, Gyeongsang National University, Jinju, Gyeongsangnamdo, South
Korea (S.I. Kang)

Monday, August 8 – 9:30AM-12:00PM
SESSION 113 (ESH) UNDERSTANDING AND ADDRESSING AGRICULTURAL

SAFETY ISSUES 
Moderator: Robert A. Aherin, University of Illinois, Urbana, IL,
LOCATION: WILSON

Time Paper # Title/Authors
9:30AM Introduction
9:35AM 1110900 Agricultural Injuries in Iowa and Missouri in 2009

Risto H. Rautiainen, University of Nebraska Medical Center, Omaha, NE (R.
Rautiainen, G. Thessen, S. Burgus, K. Funkenbush)

9:50AM 1111281 Identification and Validation of Agricultural Hazardous Occupations Order
Certification Program Instructor Competencies
Shannon C. Snyder, Purdue University, West Lafayette, IN (S.C. Snyder, W.E.
Field, R.L. Tormoehlen, B.F. French, D.R. Ess)

10:05AM 1111334 Self-Reported Tractors Operator Falls, Ergonomics and Musculoskeletal Pain
Andrew S. Merryweather, University of Utah, North Salt Lake, UT (A.
Merryweather, M. Pate)

10:20AM 1111165 Estimation of the Frequency, Severity and Primary Causative Factors
Associated With Injuries and Fatalities Involving Confined Spaces in
Agriculture
Steven M. Riedel, Purdue University, Battle Ground, IN (W.E. Field, S.M. Riedel)

10:35AM BREAK
10:45AM 1110937 Farm Owner/Operators’ Perceptions of Risk Associated with Confined Spaces

in Agriculture
Michael L. Pate, Utah State University, Logan, UT (M.L. Pate, A. MerryWeather)

11:00AM 1111575 Developing a Research and Extension Agenda for Agricultural Confined Spaces
William E. Field, Purdue University, West Lafayette, IN (NCERA-197 Committee)

Monday, August 8 – 9:30AM-12:00PM
SESSION 114 (FPE-1) SPECTRAL SCATTERING TECHNOLOGY FOR FOOD

QUALITY AND SAFETY – Sponsored by FPE-701
Moderator: Lamin S. Kassama, Alabama A&M University, Normal, AL,  
LOCATION: TAYLOR

Time Paper # Title/Authors
9:30AM Introduction
9:35AM 1111332 Harnessing Light Scattering for Label-Free Identification of Food-Borne

Pathogens
Arun K. Bhunia, Purdue University, West Lafayette, IN (Presenter: Dr. Euiwon Bae;
A. K. Bhunia, E. Bae, N. Bai, A. Singh, Y. Tang)

9:50AM 1111317 Development of an optical property measuring instrument for food and
biological materials
Renfu Lu, USDA ARS, East Lansing, MI (R. Lu, D. Ariana, H. Cen, B. Bailey)

10:05AM 1111292 Light Scattering Sensor: Biophysics of Colony-Light Interactions
Euiwon Bae, Purdue University, West Lafayette, IN (E. Bae, N. Bai, A. Singh, Y.
Tang, A.K. Bhunia)

10:20AM 1110590 Optical Properties and Physiological Changes of Apple Fruit during Storage
Haiyan Cen, Michigan State University, East Lansing, MI (Presenter: Dr. Renfu.
Lu; H. Cen, R. Lu, F.A. Mendoza)

10:35AM 1110872 Evaluating tomato fruit maturity using Raman spectroscopy
Jianwei Qin, USDA ARS, Beltsville, MD (J. Qin, K. Chao, M.S. Kim)

10:45AM BREAK

11:00AM 1111381 Spatially-Resolved Spectroscopy for Non-Destructive Quality Inspection of
Foods
Josse G. De Baerdemaeker, Katholieke University of Leuven, Leuven Heverlee,
Belgium (N.N.D. Trong, M. Tsuta, R. Watte, E. Verhoelst, J. DeBaerdemaeker, B.M.
Nicolai, W. Saeys)

11:15AM 1111059 An Innovative Laser-Based Optical Technology to Predict Moisture Content and
Color of Bell Pepper during Drying
Giuseppe GR Romano, Hohenheim University, Stuttgart, Stuttgart, Germany (G.
Romano, M. Nagle, D. Argyropoulos, J. Müller)

11:30AM 1111368 Signal-to-noise Considerations for Detecting Bruises in Apples
Paul Martinsen, New Zealand Institute for Plant and Food Research, Hamilton,
New Zealand (P. Martinsen, R. Oliver, R. Seelye, V. A. McGlone)

11:45AM 1110558 Study of the Bruise Detection System for Apples Using Fluorescence Image
Yi-Chich Chiu, National Ilan University, Ilan, Taiwan (Y.-C. Chiu, M.-T. Chen)

12:00PM 1111234 Nondestructive Prediction of Vigour of Maize Seeds by Raman Spectroscopy
Dongli Liu, Zhejiang University, Hangzhou, China (D. Liu, F. Cheng)

Monday, August 8 – 9:30AM-12:00PM
SESSION 115 (FPE-12) ADVANCES IN COPRODUCT AND BYPRODUCT

MANAGEMENT AND UTILIZATION – Sponsored by FPE-
707
Moderator: Parisa Fallahi, South Dakota State University, Brookings, SD,  
LOCATION: JONES

Time Paper # Title/Authors
9:30AM Introduction
9:35AM 1111080 Effect of process variables on the quality attributes of briquettes from wheat,

oat, canola and barley straw
Jaya Shankar Tumuluru, Idaho National Laboratory, Idaho Falls, ID (J.S.
Tumuluru, L. G. Tabil, Y. Song, K. L. Iroba, V. Meda)

9:50AM 1110734 Identification of High Value Components from Fuel Ethanol Process Streams
Kurt A. Rosentrater, USDA ARS, Brookings, SD (Presenter: Christine Wood; K.A.
Rosentrater, C. Wood, Z. Gu, K. Muthukumarappan)

10:05AM 1110885 Single-screw extrusion modeling - effects on extrusion processing parameters
and physical properties of DDGS-based Nile tilapia (Oreochromis niloticus)
feeds
Parisa Fallahi, South Dakota State University, Brookings, SD (F.Y. Ayadi, P. Fallahi,
K. Muthukumarappan, K.A. Rosentrater)

10:20AM 1111293 Selection of Enzyme Combination, Dose and Temperature for Hydrolysis of
Soybean Meal and White Flakes
Chinnaduri Karunanithy, South Dakota State University, Brookings, SD (Presenter:
Dr. K. Muthukumarappan; V. Karuppuchamy, C. Karunanithy, K.
Muthukumarappan, W.R. Gibbons)

10:35AM BREAK
10:45AM 1111432 Composting of Fast Food Service Wastes

Douglas W. Hamilton, Oklahoma State University, Stillwater, OK (D.W. Hamilton)
11:00AM 1110928 Some Physical Properties of Biodiesel Glycerol

Kurt A. Rosentrater, USDA ARS, Brookings, SD (Presenter: K. Muthukumarappan;
K.A. Rosentrater, K. Muthukumarappan)

11:15AM 1111511 Comparative review of bio-based acrolein production —— A value-added
process for sustaining the bio-fuel industry
Lu Liu, University of Tennessee, Knoxville, TN (L. Liu, P. X. Ye)

Monday, August 8 – 9:30AM-12:00PM
SESSION 116 (FPE-15A) BIOMASS FEEDSTOCK LOGISTICS AND

PROCESSING - PART 1 – Sponsored by FPE-709, PM-
23/7/2, T-12
Moderator: Igathinathane Cannayen, North Dakota State University, Bismarck, ND,  
LOCATION: FRENCH

Time Paper # Title/Authors
9:30AM Introduction
9:35AM 1111087 Torque-arm Method to Measure Specific Energy in Laboratory Scale Biomass

Preprocessing Equipment
David Lanning, Forest Concepts LLC, Auburn, WA (D.N. Lanning, C. Lanning,
J.Dooley)

9:50AM 1111090 Field Experience with Street-Legal Large Square Baler for Woody Biomass
James H. Dooley, Forest Concepts LLC, Auburn, WA (J.H. Dooley, D.N. Lanning,
C.Lanning)

10:05AM 1110819 Compaction Experiences with Bulk-Format Switchgrass in Commercial Transfer
Systems
Mitchell D. Groothuis, University of Tennessee, Knoxville, TN (M.D. Groothuis,
A.R. Womac)

10:20AM 1110584 Determination of Calorific Values of Biomass using Hyperspectral Imaging
Techniques
Colette C. Fagan, University of College Dublin, Belfield, Dublin 4, Ireland (C.D.
Everard, K.P. McDonnell, C.C. Fagan)

10:35AM BREAK

YPC All in Good Fun Contest

“Bootleggin Battle”
Sunday, August 7 thru Monday, August 8

8:00AM-6:00PM
– More Information at the YPC Booth in the Exhibit Hall –
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           L’espace exposition 
 
Utilisation des LED dans la laitue Boston 
Par : Vincent Martineau, Université McGill 

 

Production de tomates en serre en mélange 

sciure/tourbe 
Par : Carole Boily, Université Laval 

 

Oxygénation/aération du sol et culture de  

tomates biologiques 
Par : S. Pepin/M. Dorais, Université Laval 

 

Développement d’un processus et d’une 
trousse d’accompagnement en lutte 

intégrée aux ravageurs en serres 
ornementales et intégration à la ferme  

Par : Caroline Martineau, DTA, agr. IQDHO 

 

Distribution spectrale et absorption du 
rayonnement de la lumière (densité du flux 

photonique) par des feuilles de plants de  
tomate (Solanum lycopersicum), laitue  

(Lactuca sativa )  et pétunia (Petunia  
hybrida), dans des environnements  

contrôlés en systèmes de culture sans –sols".  
Par : Julie Gagné, Université McGill 

 

Carbon Dioxide Enrichment of a Greenhouse  
using Biomass Combustion 

Par : Megan Fulleringer, Université McGill 

 

Présentation des installations de recherche en 
serriculture de l’UQAM 

Par : Sylvain Dallaire, Université du Québec à  

Montréal

 

LE COMITÉ ORGANISATEUR 

 
 

Le Comité cultures en serre du 

CRAAQ, en collaboration avec le 

Syndicat des producteurs en 

serre du Québec, le MAPAQ et  

l’Université Laval 

 

Les membres du comité 

organisateur : 
 

André Mousseau, président SPSQ 
Louise O’Donoughue, Ph. D., IQDHO 
Claude Vallée, agr., M. Sc., ITA 
Steeve Pepin, Ph. D.,  Université Laval 
André Carrier, agr., MAPAQ Chaudière-
Appalaches 
Jean-Luc Poirier, M. Éd., SPSQ 
 

 

FORUM 
2010 

 
SUR LA RECHERCHE 
ET L’INNOVATION 
EN SERRICULTURE 

 
 « De l’avant-garde aux 

avancées concrètes 
applicables maintenant » 

 
Le jeudi 28 octobre 2010 

Dès 8 h 30 
À l’Université Laval 

Salle 1240 du Pavillon de l'Envirotron 



PROGRAMME DU FORUM 2010 

                                                                                                             

 
9 h Ouverture : 

� Steeve Pepin, Ph. D., Département des 
sols et de génie agroalimentaire, 
Université Laval 

� André Mousseau, président du SPSQ 

� Éric Chagnon, président du comité 
cultures en serre, CRAAQ 
 

9 h 15 Enrichissement des serres en CO
2
 à 

partir du chauffage au bois 

� Louis Martin Dion, étudiant à la maîtrise, 
Université McGill 
 

9 h 45 Énergie : 

� Cinq (5) recommandations importantes 
issues des audits énergétiques 

� Couverture thermale 
Gilles Cadotte, agr., Centre 
d'information et de 
développement expérimental en 
serriculture (CIDES),  
Saint-Hyacinthe 

� Les avancées en Géothermie 
Damien De Halleux, Ph. D., ing., 
Département des sols et de génie 
agroalimentaire, Université Laval 
 

10 h 30 Pause – Visite des installations –        
Serres FCI – Université Laval 

 
10 h 50 Fertilisation et irrigation des sols dans la 

tomate bio 

� Valérie Gravel, Ph. D., stagiaire 
postdoctorale, Département de 
phytologie, Université Laval 

 
11 h 10 Régie d'irrigation : impact sur le 

lessivage de la solution et sur 
l'accumulation de sels 

� Jean Caron, Ph. D., agr., professeur 
titulaire, physique et hydro-dynamique, 
Centre de recherche en horticulture et 
Département des sols et de génie 
agroalimentaire 
 

11 h 25 Effet des thés de compost sur les agents 
pathogènes (ex. : fonte des semis dans la 
tomate) 

� Antoine Dionne, étudiant au doctorat en 
microbiologie agroalimentaire, Université 
Laval  
 

11 h 50 Éclairage : 

� Utilisation des LED dans la laitue Boston 
Vincent Martineau, étudiant à la 
maîtrise, Université McGill 

� Impact de différentes longueurs d’onde 
sur la croissance des plantes 

Mark Lefsrud, Ph. D., Department of 
Bioresource Engineering, Macdonald 
Campus, McGill University

 
12 h 30 Repas et visite des installations –Serres 

FCI- Université Laval 
 
13 h 30 Les projets de transfert et de 
 développement de l'horticulture 

ornementale"  (IQDHO) : 

� Marie-Claude Limoge, M. Sc., agr., 
directrice générale IQDHO 

 
14 h Les marais filtrants : 

� Les marais filtrants artificiels pour le 
traitement de polluants de source 
agricole 
Vincent Gagnon, étudiant au Doctorat, 
Institut de recherche en biologie végétale 
(IRBV), Université de Montréal 

� Utilisation des marais filtrants pour 
réduire les ions sulfates et agents 
pathogènes des effluents de serre 
Nicolas Gruyer, étudiant au Doctorat, 
Département de phytologie, Université 
Laval  

 
15 h Pause – Visite des installations – Serres 

FCI – Université Laval 
 
15 h 30 Atelier et plénière– bilan des 

orientations prises en 2009 au niveau du 
maillage de la recherche et de 
l’innovation 

 
15 h 45 Mot de la fin 
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Technical Sessions and Schedule  

XVIIth World Congress of the International Commission of Agricultural and Biosystems Engineering (CIGR 2010) 17

16:20 101170 Advanced technologies applied to hose reel rain-gun 
machines: New perspectives towards sustainable 
sprinkler irrigation 

  G. Ghinassi (Italy) 
16:40 101339 A triple-sensor horizontal penetrometer for on-the-go 

measuring soil moisture content, electrical 
conductivity and mechanical resistance 

  Q. Zeng, Y. Sun, P.S. Lammers (China/Germany) 
   
Monday, June 14 – 15:35 to 17:00 
35 Section II Swine (II) 
Time Paper # Moderator: Stéphane Godbout (Canada) 

Room: 205B 
15:35  Session Opening 
15:40 101415 New building concepts for sustainable swine 

production in Québec: A systematic review 
  S. Godbout, N. Turgeon, S.P. Lemay et al. (Canada) 
16:00 100445 Influence of water sprinkling on the amount of dust 

particles in a house for fattening pigs 
  S. Nimmermark (Sweden) 
16:20 100478 Heating and cooling performance of an under floor 

earth tube air tempering system in a mechanical 
ventilated farrowing house 

  E. F. Hessel, C. Zurhake, H. F. A. V. D. Weghe 
(Germany) 

16:40 100425 Gait and force analysis of provoked pig gait on clean 
and fouled rubber mat surface 

  H. V. Wachenfelt, C. Nilsson, S. Pinzke (Sweden) 
   
Monday, June 14 – 15:35 to 17:00 
36 Section II Greenhouses and Horticulture 
Time Paper # Moderator: Daniel Massé (Canada) 

Room: 204A 
15:35  Session Opening 
15:40 101221 Development of bioengineering processes to 

transform greenhouse waste into energy, fertilizer and 
tomato 

  D. Brisson, D.I. Massé, P. Juteau et al. (Canada) 
16:00 101277 Influence of insect nets and thermal screens on 

climate conditions of commercial scale greenhouses: 
A CFD approach 

  A.A. Sapounas, S. Hemming, H.F. de Zwart et al. 
(Netherlands) 

16:20 100407 Energy consumption and commercial applications of 
liquid foam insulation technology for greenhouses 

  J.Villeneuve, D. De Halleux, K. Aberkani et al. (Canada) 
16:40 101227 Generating usable and safe CO2 for enrichment of 

greenhouses from the exhaust gas of a biomass 
heating system 

  L.-M. Dion, M. Lefsrud (Canada) 
   
Monday, June 14 – 15:35 to 17:00 
37 Section II Emissions from Buildings: Measurement 

and Abatement Techniques – POSTERS 
Poster # Paper # Moderator: Peter Kai (Denmark) 

Room: 2000D 
54 100472 A summary of ventilation rate measuring techniques 

through ventilated buildings 
  S. E. Ozcan, E. Vranken, D. Berckmans  (Belgium) 
55 100758 Development and validation of a simplified method to 

quantify gaseous emissions from cattle buildings 
  M. Hassouna, P. Robin, A. Brachet et al. (France) 
56 100543 Reduced emission by applying pit exhaust in naturally 

ventilated livestock production buildings – Feasibility 
studies based on a wind tunnel investigations 

  W. Wu, P. Kai, G. Zhang (Denmark) 
57 100893 CFD analysis and comparison of forced-ventilation 

systems of poultry houses in Korea 
  S.-H. Song, I.-B. Lee, H.-S. Hwang et al. 

(Korea/Philippines) 
58 101555 Improvement of a passive flux sampler for the 

measurement of nitrous oxide (N2O) emissions 
  J.H. Palacios, S. Godbout, R. Lagacé et al. (Canada) 

59 100550 Ammonia and carbon dioxide emissions in tunnel-
ventilated broiler houses in Sao Paulo State – Brazil 

  K.A.O. Lima, D.J. Moura, L.G.F. Bueno et al. (Brazil/USA) 
60 101010 Evaluation of different minimum ventilation systems 

in the production of broiler chickens on the air quality 
in period 1 to 7 days 

  I. Menegali, I. De F. F. Tinôco, S. Zolnier et al. (Brazil) 
61 100900 Effects of wood shavings addition and different 

climatic conditions on ammonia and odour emissions 
from fresh animal manure 

  N.M.Ngwabie,S.Nimmermark,K.-H.Jeppsson et al. (Sweden) 
   
Monday, June 14 – 15:35 to 17:00 
38 Section III Crop Management 
Time Paper # Moderator: Hubert Landry (Canada) 

Room: 203 
15:35  Session Opening 
15:40 100476 Best management practices for operating wind 

machines for minimizing cold injury in Ontario 
  H. W. Fraser, K. Slingerland, K. Ker (Canada) 
16:00 100891 Review of technological advances and technological 

needs in ecological agriculture (organic farming) 
  H. Chaoui, C. G. Sørensen (Canada/Denmark) 
16:20 101106 Controlled traffic farming and minimum tillage: 

Results of initial experiments and a layout of a long 
term experiment 

  J. Galambošová, V. Rataj, M. Macák et al. (Slovakia) 
16:40 101284 Harvesting canbus data to improve soil compaction 

management 
  N. Dubuc, V. Raghavan, R. Recker (Canada/USA) 
   
Monday, June 14 – 15:35 to 17:00 
39 Section III Sensors and Measurement 
Time Paper # Moderator: Noboru Noguchi (Japan) 

Room: 205A 
15:35  Session Opening 
15:40 100043 Monitoring of grain quality and segregation of grain 

according to protein concentration threshold level on 
an operating combine harvester 

  H. Risius, J. Hahn, H. Korte (Germany) 
16:00 100344 Field evaluation and comparison of two silage corn 

mass flow rate sensors developed for yield 
monitoring 

  M. Loghavi, M. M. Maharlouie, S. Kamgar (Iran) 
16:20 101188 The development of a standard test method for 

measuring the evenness of flow off meter rollers 
  J. Gervais, S. Noble (Canada) 
16:40 101060 A device for extracting 3D information of fertilizer 

trajectories 
  B. Hijazi, J. Baert,  F. Cointault et al. (France) 
   
Monday, June 14 – 15:35 to 17:00 
40 Section IV Management and Biogas Production (joint 

with AEES) 
Time Paper # Moderator: Frédéric Pelletier (Canada) 

Room: 2102B 
15:35  Session Opening 
15:40 101387 Microbial community analysis of ambient temperature 

anaerobic digesters 
  R. Ciotola (United States) 
16:00 101597 Gas production analysis of a fixed-dome digester 

operated under temperate climates in central Ohio 
  J. Castano, J. Martin, R. Ciotola et al. (United States) 
16:20 101113 Impact of harvesting time on ultimate methane yield of 

switchgrass grown in Eastern Canada 
  Y. Gilbert, D. Massé, P. Savoie et al. (Canada) 
16:40 101052 Farm-scale anaerobic digestion of beef and dairy 

cattle manure for energy cogeneration at two farms in 
Canada 

  N. Patni, C. Monreal, X. Li et al. (Canada) 
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Forum sur la recherche en serriculture 2010 
Université Laval, Québec, le jeudi 28 octobre 2010 

 
Formulaire d’intention 

Conférence portant sur un projet de recherche en lien 
avec la serriculture au Québec 

 
 
Titre de la conférence et/ affiches : ___Greenhouse Carbon Dioxide Enrichment using 
Biomass Combustion______ 
 
Sujet : ____Carbon dioxide enrichment________________________ 
 
Résumé (abstract) : 
 
The benefits of carbon dioxide enrichment for plant growth are well documented. Carbon dioxide 
enrichment on average, yields increase by 33% if carbon dioxide concentrations are doubled over 
atmospheric levels (Kimball, 1983).  Increased levels of carbon dioxide are traditionally achieved through 
a number of techniques, including direct gas injection, the combustion of fossil fuels, ventilation, and 
chemical production (Linker et al., 1999; Klaring et al., 2007). Direct gas injection and chemical 
production are costly, while ventilation can only be used to maintain ambient atmospheric 
concentrations of carbon dioxide (Jin et al., 2009) and the use of fossil fuels is less desirable the world 
focuses on reducing greenhouse gas emissions. 

Carbon dioxide enrichment through the use of the waste products of biomass combustion is an 
attractive alternative to existing enrichment techniques. Biomass is an affordable and renewable fuel 
that can be used in a greenhouse heating system. The exhaust from the combustion process, rich in 
carbon dioxide, can then be used to raise carbon dioxide levels within the greenhouse. However, the 
incomplete combustion that inevitably occurs generates an exhaust gas laden with fine particulates, 
carbon monoxide, nitrogen oxides, sulphur oxides, ethylene, volatile organic compounds and polycyclic 
aromatic hydrocarbons (Jenkins et al., 1998). These compounds can be toxic to plants, and the exhaust 
gas must therefore be treated prior to introduction into the greenhouse. 

Membrane separation of carbon dioxide will be studied to allow separation of the carbon dioxide from 
the other compounds produced. A gas exchange chamber system will be designed and constructed to 
measure the diffusion rate of carbon dioxide using various membrane materials and configurations. A 
growth chamber will be used to monitor and test these separation techniques on plants grown using a 
hydroponic system. This research project will determine the viability of using the products of biomass 
combustion for carbon dioxide enrichment purposes. 

 

References 



Jenkins, B. M., Baxter, L. L., Miles Jr., T. R., and Miles, T. R. (1998). Combustion properties of biomass. 
Fuel Processing Technology 54:17-46. 

Jin, C., Du, S., Wang, Y., Condon, J., Lin, X. and Zhang, Y. (2009). Carbon dioxide enrichment by 
composting in greenhouses and its effect on vegetable production. Journal of Plant Nutrition and Soil 
Science 172: 418-424. 

Kimball, B. A. (1983). Carbon dioxide and agricultural yield: An assemblage and analysis of 430 prior 
observations. Agron. J. 75:779-788. 

Klaring, H. P., Hauschild, C., Heibner, A., Bar-Yosef, B. (2007). Model-based control of CO2 concentration 
in greenhouses at ambient levels increases cucumber yield. Agri. For. Meteorol. 143: 208–216. 
 
Linker, R., Gutman, P. O., Seginer, I. (1999). Robust controllers for simultaneous control of temperature 
and CO2 concentration in greenhouses. Control Eng. Pract. 7: 851–862. 
Tremblay, N. and Gosselin, A. (1998). Effect of Carbon Dioxide Enrichment and Light. HortTechnology 
8:4. 

 
 
Chercheurs et étudiants impliqués : 
 

Megan Fulleringer, M. Sc. candidate, Bioresource Engineering, McGill University 
Dr. Mark Lefsrud, Assistant Professor, Bioresource Engineering, McGill 
University 

 
Préférence* (préférez-vous faire une conférence ou simplement faire un affichage sur 
place?) 

Conférence : _________________ 
Affiches : ___Yes________ 

 
Tenue du forum en 2011 : 
 
Indiquez ici si (oui ou non) vous désirez tenir cette rencontre l’an prochain : 
 
Coordonnées : 
 

Votre nom et les coordonnées pour vous joindre 
 

Megan Fulleringer 
megan.fulleringer@mail.mcgill.ca 

 
Veuillez retourner ce formulaire par télécopieur au 450 463-5296 ou par courriel à 
jlpoirier@upa.qc.ca avant le 30 avril prochain. 
* Advenant une offre de conférence plus grande que la capacité technique de la journée, le comité 
organisateur se réserve le droit de choisir le type de présentation. Toutes les organisations seront 
informées 



de la décision du comité au plus tard le 1er juin prochain. 

 

 



TECHNICAL SESSIONS
ASABE 2010 Annual International Meeting – Pittsburgh, Pennsylvania USA

4:15PM 1009974 Quantification of Evapotranspiration from Isolated Wetland in the Lake
Okeechobee Basin
Wu Chin-Lung, Gainesville, FL (Chin-Lung Wu, Sanjay Shukla, James M. Knowles,
Amy Swancar, Wendy D. Graham)

4:30PM 1010000 Existing Potential Evapotransiration Models Do not Apply to Forests
Ge Sun, USDA Forest Service   Southern Global Change Program, Raleigh, NC (Ge
Sun, Devendra Amatya)

Wednesday, June 23 – 2:30PM-5:00PM
SESSION 328 (SW-22B) NUTRIENT TRANSPORT AND WATER QUALITY -

PART 2 – Sponsored by SW-224
Moderator: Bruce N. Wilson, University of Minnesota, St Paul, MN 
LOCATION: 305

Time              Paper # Title/Authors
2:30PM Introduction
2:35PM 1009209 Evaluation of Best Management Practices on Croplands and Pastures in North

Central Texas
Fouad H. Jaber, Texas A&M University, Dallas, TX (E. Guzik, P. Ampim, J. J. Sloan,
R. I. Cabrera)

2:50PM 1009251 Effect of Nonionic Surfactant Brij 35 on the Fate of Oxytetracycline Antibiotic in
a Sandy Soil
Eman M. ElSayed, McGill University, Ste-Anne-de-Bellevue, QC Canada (E. ElSayed
and S. O. Prasher, R. M.Patel)

3:05PM 1009373 Transport of Hormones in Vadose Zone Soil after Land Application of Manure
Simon J. Van Donk, University of Nebraska, North Platte, NE (S. van Donk, S.
Bartlett-Hunt, S. Ensley, W. Kranz, T. Mader, C. Shapiro, D. Shelton, D. Snow, D.
Tarkalson, and T. Zhang)

3:20PM Break
3:30PM 1008472 Nutrient Transport in Runoff Resulting from Variable Manure Application and

the Use of Ethanol Byproducts
John E. Gilley, USDA ARS, Lincoln, NE (John E. Gilley and Lisa M. Durso)

3:45PM 1009861 Nutrient Loading Assessment and Associated Uncertainty in a Subtropical
Reservoir Watershed
Tzyy-Woei Chu, University of Maryland, College Park, MD (Tzyy-Woei Chu, Yen-
Chang Chen, Yu-Chi Huang)

4:00PM 1009812 Temporal Dynamics of Tillage Impacts on Herbicide Transport
Elizabeth A. Pappas, USDA ARS, West Lafayette, IN (E.A Pappas)

Wednesday, June 23 – 2:30PM-5:00PM
SESSION 329 (SW-32) MICRO IRRIGATION DESIGN AND MANAGEMENT –

Sponsored by SW-24
Moderator: Dana O. Porter, Texas A&M University, Lubbock, TX  
LOCATION: 306

Time              Paper # Title/Authors
2:30PM Introduction
2:35PM 1008764 Why Field Crop Growers Love Drip Irrigation:  Alfalfa, Corn, Cotton, Onions,

Potatoes and Processing Tomatoes
Inge Bisconer, Toro Micro-Irrigation, El Cajon, CA (Inge Bisconer)

2:50PM 1009298 Farmers Knowledge and Extent of Adoption Level on Drip Irrigation
Management Practices in Karnataka, India - A Case Study
Lakeshman Jayappa Pol, B.V.B. College of Engineering & Technology, Hubli,
Karnataka India (Lakshman J. Pol  Shashidhar K.C, Nagaraj M.K)

3:05PM 1008651 Salinity control with drip irrigation
Blaine R. Hanson, University of California Davis, Davis, CA (Don May)

3:20PM 1009463 Microirrigation for Vegetable Crops in the Nile Delta: I. Water use, Crop yield,
and Water Productivity
Abdrabbo A. Shehata, Water Management Res Institute, Colby, KS (A. Aboukheira)

3:35PM 1009464 Microirrigation for Vegetable Crops in the Nile Delta: II. Soil Water Status and
Salinity
Abdrabbo A. Shehata, Water Management Res Institute, Colby, KS (A Aboukheira)

3:50PM Break
4:00PM 1009253 Sub-Surface Drip Irrigation and Fertigation for Precision Management of Cotton

Mark Dougherty, Auburn University, Auburn, AL (M. Dougherty, A. H. AbdelGadir,
J. P. Fulton, C. H. Burmester, B.E. Norris, H. D. Harkins,)

4:15PM 1010121 Optimizing Subsurface Drip Irrigation Design and Management in the Texas
High Plains
Vinicius Bufon, Texas Tech University, Lubbock, TX (V. Bufon, R.J. Lascano, C.
Bednarz, J. Booker)

4:30PM 1009477 Improving the Water Distribution Uniformity of a Low-Cost Drip Irrigation
System Using Adjustable Pressure-Loss Lateral Takeoff Valves
Victor B. Ella, University of the Philippines Los Banos,  Philippines (Victor B. Ella,
Jack Keller, Manuel R. Reyes and Bob Yoder)

4:45PM 1009396 Using TDR to Estimate Water Application Efficiency for Drip Irrigation Emitter
Patterns on Banana
Jarbas H. Miranda, ESALQ/USP, Piracicaba, SP Brazil (A. Jadavi Pereira da Silva,
E. Ferreira Coelho, J. Honorio de Miranda, S. Ray Workman)

5:00PM 1009891 Obstruction Evaluation of Drippers Due to the Application of Vinasse
Jarbas H. Miranda, ESALQ/USP, Piracicaba, SP Brazil (João Alberto Lelis Neto,
Rubens Duarte Coelho, Marconi Batista Teixeira e Jarbas Honorio de Miranda)

Wednesday, June 23 – 2:30PM-5:00PM
SESSION 330 (SE-10) PARTICULATE MATTER EMISSION FACTORS AND

ABATEMENT STRATEGIES – Sponsored by SE-305, SE-412,
PM-23/7/3
Moderator: Russell O. McGee, Texas A&M University, College Station, TX  
LOCATION: 307

Time              Paper # Title/Authors
2:30PM Introduction

2:35PM 1008744 Comparison of Particular Matter Concentration Measurements in Animal
Feeding Operation Environment: TEOM vs. Gravimetric Sampler
Qianfeng Li, North Carolina State University, Raleigh, NC (Qianfeng Li,  Lingjuan
Wang, Zifei Liu)

2:50PM 1008749 The Environmental Cost of Reducing Agricultural PM2.5 Emissions
Paul A. Funk, USDA ARS, Mesilla Park, NM (Paul Funk)

3:05PM 1008989 Evaluation of EPA Approved FRM PM10 Sampler Performance through Wind
Tunnel Testing
Mary K. Thelen, Texas A&M University, College Station, TX (M Thelen)

3:20PM 1009283 Particulate emissions from fall tillage operations as determined via inverse
modeling and lidar mass balance techniques
Kori D. Moore, Space Dynamics Laboratory, Logan, UT (Kori Moore, Michael
Wojcik, Randal Martin, Christian Marchant, Derek Jones, Jerry Hatfield, Richard
Pfeiffer, John Prueger, William Bradford, Vladimir Zavyalov, Doug Ahlstrom,
Tanner Jones, Phil Silva, Gail Bingham)

3:35PM Break
3:45PM 1009287 Seasonal Variations of Particle Size Distribution of Particulate Matter at a

Commercial Egg Production Facility
Lingjuan Wang, North Carolina State University, Raleigh, NC (Lingjuan Wang,
Zihan Cao, Qianfeng Li, Zifei Liu)

4:00PM 1009425 PM10 Emission Rates from Beef Cattle Feedlots in Kansas
Henry F. Bonifacio, Kansas State University, Manhattan, KS (H.F. Bonifacio, R.G.
Maghirang, E.B. Razote)

4:15PM 1009941 Measurement of Size Distribution and Concentration of Particulate Matter
Emitted from a Commercial Cattle Feedlot in Kansas – Laser Diffraction
Howell B. Gonzales, Kansas State University, Manhattan, KS (H. Gonzales, R.G.
Maghirang, J. Wilson, L. Guo, E. Razote)

Wednesday, June 23 – 2:30PM-5:00PM
SESSION 331 (SE-26) DESIGN, ASSEMBLY, AND TESTING OF

STRUCTURES – Sponsored by SE-20
Moderator: Volkan Kebeli, Global Industries Inc, Grand Island, NE  
LOCATION: 310

Time              Paper # Title/Authors
2:30PM Introduction
2:35PM 1009221 The Use of Fire Retardant Treated Wood in Agicultural and Industrial Buildings

David G. Bueche, Hoover Treated Wood Products, Lakewood, CO (David G.
Bueche)

2:50PM 1009411 Friction Forces in Vertical Silos with Multiple Discharges
Wallace B. Nascimento, Federal University de Campina Grande, CEP 58 105-606,
Brazil (Valneide Rodrigues da Silva)

3:05PM 1009410 Friction Forces in Vertical Silos with Eccentric Discharges
Jose Pinheiro LN Lopes Neto, Federal University Campina Grande, Pombal,
Paraiba Brazil (Valneide Rodrigues da Silva)

3:20PM Break
3:30PM 1008934 Development of a Collector for Plastic Film during Seedling Period

Li Yang, China Agricultural University, Beijing, Haidian China (Li Yang, Dongxing
Zhang, Shulin Hou,Fei Xu, Yunwen Zhang)

3:45PM 1008935 Development of sharing grafting robot for cucurbits and tomato seedlings
Li Yang, China Agricultural University, Beijing, Haidian China (Li Yang, Kailiang
Zhang, TieZhong Zhang, Tianjuan Zhou)

Wednesday, June 23 – 2:30PM-5:00PM
SESSION 332 (SE-5) INNOVATIVE ENERGY STRATEGIES AND

INSTRUMENTATION IN CONTROLLED ENVIRONMENTS –
Sponsored by SE-303, BE-4, BE-22, IET-318
Moderator: Murat Kacira, University of Arizona, Tucson, AZ  
LOCATION: 311

Time              Paper # Title/Authors
2:30PM Introduction
2:35PM 1009822 Improving HVAC Controls with Weather Forecast Integration

Jeffrey M. Kellow, University of Kentucky, Lexington, KY (Dr. Donald Colliver,
Jeffrey Kellow, Benjamin Hobbs (Presenter Ben Hobbs))

2:50PM 1009159 Biomass heating system for greenhouses with exhaust gas utilisation for CO2
enrichment
Louis-Martin Dion, McGill University, Montreal, QC Canada (Dion, Louis-Martin;
Lefsrud, Mark)

3:05PM 1009388 Developing a control strategy for greenhouse natural ventilation equipped with
variable pressure fogging: evapotranspiration models and simulated
comparison  of fixed vs. variable pressure fog cooling
Federico Villarreal Guerrero, University of Arizona, Tucson, AZ (Murat Kacira, Efren
Fitz Rodriguez)

3:20PM 1009436 Dynamic response and environmental uniformity of a naturally ventilated
greenhouse cooled with variable-pressure fogging systems
Efren Fitz-Rodriguez, University of Arizona, Tucson, AZ (Efrén Fitz-Rodríguez,
Murat Kacira, Federico Villarreal-Guerrero)

3:35PM 1009827 Updating Energy Audit Practises in Greenhouses and Nurseries
Thomas O. Manning, Rutgers University, New Brunswick, NJ (T.O. Manning & A.J.
Both)

3:50PM Break
4:00PM 1009961 Comparison of a dynamic model and neural network model for predicting the

environment of a naturally ventilated and fog-cooled greenhouse
Efren Fitz-Rodriguez, University of Arizona, Tucson, AZ (Efrén Fitz-Rodríguez,
Murat Kacira, Federico Villarreal-Guerrero)

4:15PM 1008835 Energy Analysis of a Solar Heater Low Cost
Daniel R. Carvalho, Universidade Federal de Vicosa, Vicosa, MG Brazil (R.A.A.
Ruas, E.A. Magalhaes, A.F. Lacerda Filho, J. Souza Silva, D.R. Carvalho)
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EXPERIMENT 1 - DECEMBER 15TH, 2011 
This is a short summary of a three day test using the Caddy Alterna to heat a hoop house 
greenhouse at Macdonald Campus of McGill University.  The furnace was installed in a shed beside 
the greenhouse with an insulated transfer tube between the shed and the greenhouse.  The 
temperature heating set point for the greenhouse was set at 15C.  A 30 cm diameter polyethylene 
transfer tube with 2cm perforated holes ran the length of the greenhouse suspended from the 
ceiling.  The preliminary run was completed over 3 days with data collected each morning to 
determine the results the previous night.  Two data loggers were placed in the greenhouse to 
record the temperature at multiple locations within the greenhouse and outside temperature. 
 

Observation 
 
Night 1 
The furnace was set at 100,000 BTU and the hoper was filled with pellets (approximately 5.5 bags, 
40lb bag each; ~100kg). From the temperature graphs the furnace ran continuously but was 
unable to maintain the 15C, with the outside low temperature no lower than -2C (from a weather 
station).  The outdoor temperature sensor was not moved outside until the start of night 2, this 
probe was recording inside greenhouse temperature during the first night.  At the end of the day 
the hopper had less than ¼ of a bag of pellets. The delta temperate that was maintained in the 
greenhouse verse the outside was less than 5C. 
 
Night 2 
The furnace heat output was increased to 120,000BTU and the hopper refilled.  Again the furnace 
ran continuously through the night and was down to less than ¼ of a bag of pellets in the morning.  
At this higher heat output the delta temperature between the greenhouse and outside was 
approximately 10C.   
 
Night 3 
The furnace was maintained at the 120,000 BTU level and the hopper was completely filled with 
pellets.  The start of night 3 resulted in an incorrect start-up of the furnace with a time out 
command on the furnace, seen on Figure 1 with the large temperature drop in the air duct 
temperature.  A manual reset was performed and the furnace started again and was able to 
maintain the delta temperature of 10C between the greenhouse and outside temperature. 
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Initial Observation and Changes 
1-Furnace needs to run at 120,000BTU or higher to maintain temperature in our greenhouse.  A 
larger capacity furnace would be required to maintain temperature during very cold outside 
temperatures. 
2- The cold temperature in the shed reduced the efficiency of the furnace and we will have to 
move the furnace to inside the greenhouse to conserve this heat (this was performed before the 
second experiment). 
3-The hopper has to be increased in size, one full hopper of pellets is burnt during one night 
without any buffer.  A hopper of at least double the capacity would be a minimum requirement. 
4- Start-up procedure failed due to a time out, we are unsure why this occurred (may have been 
bridging of the pellets or some other unknown reason).  After resetting the furnace, a proper start 
occurred.  This failure to start could be very detrimental to any greenhouse operation.  We would 
recommend that a back-up start-up be performed instead of a default error message. 
 
 

 
Figure 1 Temperature variation during experiment 1 (December 15th, 2011) 
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Experiment 2 - February 14th, 2012 
For the second experiment the furnace was moved into the greenhouse without the transfer tube 
from the shed to the greenhouse.  We noticed during the first experiment that a lot of heat was 
generated by the furnace that was not transferred to the greenhouse and by placing the furnace 
into the greenhouse would allow retention of this heat.  Locating the furnace inside the 
greenhouse should increase the delta T between the outside and the inside of the greenhouse. 
first experiment was repeated for experiment 2. A second experiment was completed over a 
period of 2 days in order to evaluate which temperature difference the system will be able to 
maintain. Similarly to experiment 1, the temperature heating set point for the greenhouse was set 
at 15 ⁰C and the sam e polyethylene tube was used in order to distribute the heat inside the 
greenhouse. In this experiment, six temperature probes were used in order to record the 
temperature at different location. Probe 1, 2 and 3 were installed on at 3 different locations inside 
the greenhouse at an elevation of approximately 1 meter from the ground which is the usual 
height of a table inside a greenhouse. Probe 4 was installed at ground level inside the greenhouse. 
Probe 5 was inside the greenhouse for the first 16 hours and was moved outside the greenhouse 
at a location that is facing south. Probe 6 was outside the greenhouse for the whole experiment 
and was located on the North side of the greenhouse 
  

Observation 
The furnace was activated 10 hours after the beginning of the experiment. However, it did not 
start running until hour 15 since the temperature inside the greenhouse was higher than 15 ⁰C  as 
it shown on Figure 2. For the first 2 hours after the temperature inside the greenhouse dropped 
under 15 ⁰C, the furnace was not able to maintain the temperature inside the greenhouse above 
15 ⁰C due to starting warm up time requirement.  After the furnace reached its operational heat 
production rate, it was able to maintain the set temperature inside the greenhouse until it was 
shut off at 8 pm the following day. The delta temperature between the outside and inside of the 
greenhouse was a low of 10°C (with a temperature probe on the floor below a table) and an 
average of 15°C throughout the rest of the greenhouse.   
 

General recommendation 
1- As shown previously, the maximum temperature difference that the furnace is able to 

handle is approximately 15 ⁰C. A larger capacity furnace would be required to keep the 
greenhouse running during the coldest month of the winter. Based on rough calculations, 
the furnace needs to be at least twice its current size to allow the greenhouse to run 
continuously. Assuming that several furnaces are used to heat the greenhouse, they should 
be able to communicate between each other in order to avoid continuous start and shut 
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down of both furnaces.  We would recommend that at least a delta T of 30°C  be possible 
to maintain temperature in the greenhouse by the furnace. 

2- Similarly to the first experiment, the start-up procedure failed due to a time out. Since a 
failure to start could be detrimental for a greenhouse operation, it would recommend that 
a back-up start-up be performed instead of a default error message. Moreover, the furnace 
should be equipped with an alarm system telling the operator that a failure to start or an 
operation failure occurs. With this kind of system, the operator would be able to reset the 
furnace before damage to the plant production would occur. 

3- The furnace should be equipped with a mechanism that will anticipate the drop of 
temperature at the end of the day. As this experiment shows, the temperature inside the 
greenhouse dropped as low as 5 ⁰C before the furnace has the time to warm up. In order 
of avoid this issue, the furnace should be equipped with a system allowing the furnace to 
warm itself up during the late afternoon before the outside temperature drop occurs.  
 

 
Figure 2 Temperature variation during Experiment 2 (February 14th, 2012) 
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Experiment 3 – Wood furnace CO2 enrichment (April 3rd to May 
1st, 2012) 
As previously stated, a considerable amount of heat is loss during the combustion process by the 
rejection of the flue gas into the atmosphere. Moreover, there is not only heat that is rejected to 
the atmosphere through the flue gas but there is also a substantial amount of CO2 which is a 
valuable gas for greenhouse plant production since it increases plant production. The major issues 
with the exhaust gas from any combustion system are the carbon monoxide (CO), nitric oxides 

(NOx), and sulfur dioxide (SO2).  The purpose of this experiment was to develop a basic system to 
remove or control these toxins from the exhaust and allow the exhaust to be directed into the 
greenhouse, allowing a safe environment for the plants and workers while maintaining low 
purchase and operating furnace costs.  
 
Several systems have been studied such as catalytic converter, water scrubber, electrostatic 
precipitator, and semi-permeable membrane. After a rigorous analysis of the drawbacks and 
advantages of the different systems, it was concluded that a combinations of a catalytic converter 
and a permeable membrane was the best method to filter the flue gas coming from the exhaust. 
The catalytic converter has the main purpose of removing the CO and NOx while the permeable 
membrane allows the permeation of CO2 and retains the SOx, NOx and the particulates that were 
not affected by the catalyser. It is important to remove as much undesirable gas as possible in the 
catalyser since the membrane only allows small particulates to pass through and CO particulates, 
which are very small particulates, are not retained by the membrane.   
 
This system was installed on the furnace and an analysis of the flue gas was conducted at different 
locations on the system. The constraints in terms of air quality that need to be maintained in the 
greenhouse are regulated by the American Society of Heating, Refrigerating and Air conditioning 
Engineers (ASHRAE, 2011). Here are the flue gas concentrations and limit concentrations based on 
the ASHRAE standards for air quality inside a greenhouse.  
 

Table 1 Flue gas concentrations and limit concentrations based on ASHRAE Standard 

Emissions  Flue gas concentrations Objective  
Concentrations 
(ASHRAE)  

Carbon Dioxide(CO2)  54 000 mg/L  1200 mg/L  

Carbon Monoxide (CO)  530-600 mg/L  < 11 mg/L  

Nitric Oxide (NOx )  41.1 mg/L  5 mg/L  

Nitrogen Monoxide (NO)  39.1 mg/L  25 mg/L  

Nitrogen Dioxide (NO2)  2.1 mg/L  0.05 mg/L  
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The system showed very promising results to reduce the concentration for most of the gases listed 
above. These reduced levels of emissions are acceptable after dilution or after treatment through 
the membrane into the greenhouse.  To determine the impact of these treated gases within the 
greenhouse an experiment was conducted to compare CO2 enrichment using both the treated 
emissions from the wood pellet system and a standard enrichment using a propane burner.  Both 
systems were sized to be roughly the same size and produce roughly the same amount of CO2.  
This third experiment grew lettuce and tomato plants in both greenhouses using CO2 enrichment 
from the wood pellet furnace and the propane burner to analyze the final yields. 
 
Therefore, 10 lettuce and 6 tomato plants were seeded into two different greenhouses that are 
mostly identical except that one used propane as source of CO2 and the other used the filtered 
exhaust of a wood furnace for the CO2 enrichment of the greenhouse. The experiment was held 
over a period of 28 days. After four weeks of experiment, the plants measured for both fresh and 
dry mass values.  Figure 3 and 4 show the average results for the 6 tomato plants and 10 lettuce 
plants. 

Figure 4 Lettuce fresh and dry biomass mass during 
experiment 3 
 

 
  

Figure 3 Tomato fresh and dry biomass mass during 
experiment 3 
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Those graphs show that there is a different behaviour between tomatoes and lettuce subjected to 
the two different environments. It illustrates that the tomato preferred the wood furnace 
environment and the lettuce had a better growth in the propane enrichment environment. 
Usually, the CO2 level in the ambient air should affect the growth of all the vegetables in the same 
direction which is not the case here. Moreover, the results obtained by the CO2 sensor shows that 
the CO2 level in both greenhouses was not significantly different. Figure 5 shows the average 
concentration of CO2 in both greenhouses.  
 

 
Figure 5 Average CO2 concentration inside both greenhouse during experiment 3 (April 3rd to May 1st, 2012) 

 

The results illustrated in this graph show the relative difference between the two greenhouses. 
However, both reading are not perfectly accurate in term of CO2 concentrations since the CO2 
sensors ceased functioning sporadically and seem to be influenced by temperature variation. 
Nevertheless, the graph shows that the CO2 concentrations were similar in both greenhouses.  
 
 
Therefore, other phenomenon may explain this atypical growth. Since the filtering system 
constructed was not perfectly tight, some gases produced during the combustion, such as NOx or 
SO2, may have affected the growth of the vegetables. However, after testing the air quality, it was 
found that their concentration in the air was negligible. The filtering system was converting and 
retaining most of the unwanted gases which, combined with the ventilation system, makes very 
little concentrations of noxious gas inside the greenhouse.  
 
We are confident that the difference in growth was due to differences in temperature between 
the two greenhouses.  Figure 6 illustrates the temperature profile in both greenhouses during the 
experiment. 
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Figure 6 Average temperature inside both greenhouse during experiment 3 (April 3rd to May 1st, 2012) 

 

 
It is illustrated that the temperature inside the greenhouse containing the furnace was 
approximately 5 ⁰C higher than the temperature inside the greenhouse that was enriched by 
propane. Also, it is observed that the temperature standard variation was higher for the propane 
greenhouse than the furnace greenhouse. This is mainly caused by the difference of heating 
systems that is present in both greenhouses. The greenhouse with the propane only controlled 
the propane burner to produce CO2 and not to produce heat. The temperature was maintained 
using two electrical heaters, with some supplemental heat from the propane burners. Although 
the experiment was held in April, the combination of heaters was not able to maintain the 
temperature during the night. Therefore, the temperature varied a lot more in the propane 
greenhouse compared to the furnace greenhouse which explains its high standard deviation and 
low average temperature compared to the furnace greenhouse. It is important to notice that the 
furnace was set to start when the temperature decreased less than 15 ⁰C. Since the furnace was 
considerably more powerful than the 2 electrical heaters, the average temperature was kept 
above the 15 ⁰C almost all the night inside the furnace greenhouse which was not possible inside 
the propane greenhouse.  
 
Depending on their optimal temperature ranges, some vegetables have a fastest growth at lower 
temperature than others. Based on Vegetable Crop Textbook, tomatoes prefer fairly hot 
environment and have an optimal range of day temperatures for growth of 21 to 24 ⁰C (Decoteau, 
2000). The production will be affected if day temperature rises above 34⁰C or if night temperature 
is not between 15 and 21⁰C  (Decoteau, 2000). However, the lettuce thrives best in fairly cool 
environment. Its optimal temperature is no more than 23 ⁰C as mean day temperature and higher 
than 7 ⁰C as mean night temperature (Decoteau, 2000).  
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The plant growth results obtained during the experiment was most likely influenced by the 
ambient temperature. Since the optimal temperature for lettuce is between 7 ⁰C and 23 ⁰C, it is 
normal than the lettuce had a better growth in the propane greenhouse. Likewise, since the 
optimal temperature range for tomato is between 21⁰C and 24 ⁰C, the temperature was more 
ideal for tomatoes in the furnace greenhouse.  

The plants were more influenced by the temperature difference than the difference of source of 
CO2 during this experiment. If we neglect the temperature effect, the growth of vegetables could 
be assumed to be similar in both greenhouses. Other experiments need to be conducted in order 
to determine if the low concentrations of noxious gases, such as NOx and SO2, into the ambient air 
may influence the growth of vegetables.   

 

Experiment 4 – Wood furnace CO2 enrichment without permeable membrane (May 
10th to June 7th, 2012) 
 
The purpose of the fourth experiment was to determine if the permeable membrane has an effect 
on the growth rate of vegetables. The permeable membrane allows only the small molecules such 
as CO2 to pass through and retains most of the contaminants which are larger molecules. 
However, it was discover that the rate of permeation of CO2 through the membrane was less than 
expected. Most of the CO2 produced during the combustion was kept inside the membrane and 
was rejected with all the other gases outside the greenhouse. This experiment’s objective was to 
determine if the gas that is rejected at the exit of the catalyser is pure enough to be injected 
directly in the greenhouse.  
 
The membrane was removed and another plant growth experiment was conducted. Again, 10 
lettuce and 6 tomato plants were seeded into the two different greenhouses. Similarly to 
experiment 3, the plant growth was studied over a period of 28 days. The fresh and dry matter 
mass was recorded. Figure 7 and 8 show the results of this experiment.   
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Figure 8 Lettuce fresh and dry biomass mass during 
experiment 4 

 

By looking on those graphs, it is obvious that the vegetables seeded in the greenhouse that was 
enriched in CO2 using propane did substantially better than the one that was under the filtered 
flue gas condition.  
 
Similarly to the previous experiment, the CO2 concentration was recorded. Figure 9 shows the 
results obtained. 

 
Figure 9 Average CO2 concentration inside both greenhouse during experiment 4 (May 10th to June 7th, 2012) 
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Figure 7 Tomato fresh and dry biomass weight during 
experiment 4 
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Likewise to experiment 3, the CO2 concentrations in both greenhouses were not significantly 
different. Therefore, the substantial difference in growth was not caused by the difference in CO2 
concentrations.  
 
Another major factor that effects the growth of plants is temperature. Figure 10 illustrates the 
temperature comparison between the two greenhouses. 
 

 
Figure 10 Average temperature inside both greenhouse during experiment 4 (May 10th to June 7th, 2012) 

 
 
In opposition to experiment3 , the temperature inside both greenhouses could be considered 
similar. Therefore, the effect of temperature on plant growth may be assumed to be negligible.  
 
The difference in growth should be a consequence of the presence of noxious gas into the 
ambient air of the furnace greenhouse. It is known that air contaminants such as NO2, NO and SO2 

has an effect on plant growth. For example, it has been published that a two hours exposure to 0.3 
ppm SO2, 1.5 ppm NO2 or 2.5 ppm NO can cause a 10% inhibition of plant CO2 uptake rate and 
therefore decrease the photosynthetic rate for alfalfa and barley plants (Bennett et al., 1973).  
More specifically for tomatoes, the presence of 0.1 ppm of NO2 and 0.4 ppm of NO caused a 
reduction of about 32% in total dry matter for an experiment of 19 days (Capron et al., 1977). It 
appears that the same noxious gases has similar effects on lettuce since a concentration of 2 ppm 
of NO and 0.5 ppm of NO2 to CO2 enriched air reduced significantly the yield of lettuce in 
comparison with clean high CO2 environment without producing any visible symptoms (Caporn, 
1989). 
 
 
Testing achieved on the system shows that gas rejected contains approximately 3.1 ppm of NOx of 
which 3.0 ppm was NO. However, the gas rejected by the system was diluted in the ambient air of 
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the greenhouse. The air gas test done close to the plant growth area shows absence of noxious 
gas with the air. However, the instrument used has a precision of 0.5 ppm and could not read 
below 0.5 ppm. Since the literature shows that very little concentration of noxious gas (under 0.5 
ppm) has a considerable effect on the growth of both vegetables, it could be concluded that the 
concentrations of noxious gas was the main reason why the plants in the furnace greenhouse was 
significantly smaller than the one in the other greenhouse. 
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Conclusion 
 
Those experiments show very promising results on the possibility of using a wood pellet furnace 
for heating a greenhouse and for using the flue gas as a CO2 source for greenhouse enrichment. 
Considerable progress has been achieved during those experiments and further research is 
expected to improve the purification system. The catalytic converter could be slightly modified in 
order to reduce NOx to a level acceptable for plants. Moreover, an air particulate filter will be 
added on the system in order to protect the catalyser from the dust produced by the combustion 
process. This will ensure continuous efficiency of the catalytic converter and avoid the risk of high 
particulate concentration in the greenhouse ambient air. Lastly, the filtering system will be 
redesigned in order to fit in a box that will be easy to install on the furnace and therefore easy to 
market.  
 
 

Recommendations 
1- A larger capacity furnace would be required to keep the greenhouse running during the 

coldest month of the winter. We would recommend that at least a delta T of 30°C be 
possible to maintain temperature in the greenhouse by the furnace. Ideal may be to have 
two furnaces that communicate with each other to maintain temperature and allow more 
precise control with start-up and shut down during operation 

2- The start-up procedure failed due to a time out. Since a failure to start could be 
detrimental for a greenhouse operation, it would recommend that a back-up start-up be 
performed instead of a default error message. Moreover, the furnace should be equipped 
with an alarm system telling the operator that a failure to start or an operation failure 
occurs. With this kind of system, the operator would be able to reset the furnace before 
damage to the plant production would occur. 

3- The furnace should be equipped with a mechanism that will anticipate the drop of 
temperature at the end of the day.  

4- The hopper has to be increased in size; one full hopper of pellets is burnt during one night 
without any buffer.  A hopper of at least double the capacity would be a minimum 
requirement. 

5- Other errors that occurred with the furnace included bridging error, over temperature 
error, and hopper error.  Hopper error was due to time to fill the hopper and when 
required to fill every day, more time would be beneficial.  We ended up with some wood 
pellets that had some rain on them and swelled.  These swelled pellets were not easily 
used by the furnace and could only be burnt at maximum operation rate (highest BTU).  
Since a greenhouse is a wetter environment than a typical house a feeding system that can 
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handle some swelled pellets would be appreciated by any greenhouse operator (reason for 
the over temperature and bridging error). 

6- The design and addition of a simple emission treating system added to the furnace would 
allow CO2 enrichment possible with the furnace.  

 
Using the flue gas coming from a wood furnace as source of CO2 for greenhouse enrichment 
while recuperating all the heat produced during the combustion process should be possible.  
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Experiment 1 - August 15, 2011 
This is a short summary of a three day test using the Caddy Alterna to heat a hoop house 
greenhouse at Macdonald Campus of McGill University.  The furnace was installed in a shed beside 
the greenhouse with an insulated transfer tube between the shed and the greenhouse.  The 
temperature heating set point for the greenhouse was set at 15C.  A 30 cm diameter polyethylene 
transfer tube with 2cm perforated holes ran the length of the greenhouse suspended from the 
ceiling.  The preliminary run was completed over 3 days with data collected each morning to 
determine the results the previous night.  Two data loggers were placed in the greenhouse to record 
the temperature at multiple locations within the greenhouse and outside temperature. 
 
Night 1 
The furnace was set at 100,000 BTU and the hoper was filled with pellets (approximately 5.5 bags). 
From the temperature graphs the furnace ran continuously but was unable to maintain the 15C, with 
the outside low temperature no lower than -2C.  The delta temperate that was maintained in the 
greenhouse verse the outside was less than 5C. The outdoor temperature sensor was not moved 
outside until the start of night 2, this probe was recording inside greenhouse temperature during the 
first night.  At the end of the day the hopper had less than ¼ of a bag of pellets. 
 
Night 2 
The furnace heat output was increased to 120,000BTU and the hopper refilled.  Again the furnace 
ran continuously through the night and was down to less than ¼ of a bag of pellets in the morning.  
At this higher heat output the delta temperature between the greenhouse and outside was 
approximately 10C.   
 
Night 3 
The furnace was maintained at the 120,000 BTU level and the hopper was completely filled with 
pellets.  The start of night 3 resulted in an incorrect start-up of the furnace with a time out command 
on the furnace, seen on the graph with the large temperature drop in the air duct temperature.  A 
manual reset was performed and the furnace started again and was able to maintain the delta 
temperature of 10C between the greenhouse and outside temperature. 
 

1-Furnace needs to run at 120,000BTU or higher to maintain temperature in our greenhouse.  A 
larger capacity furnace would be required to maintain temperature during very cold outside 
temperatures. 

Initial Observation and Changes 

2- The cold temperature in the shed reduced the efficiency of the furnace and we will have to move 
the furnace to inside the greenhouse to conserve this heat (this will be performed during January of 
2012). 
3-The hopper has to be increased in size, one full hopper of pellets is burnt during one night run 
without any buffer.  A hopper of at least double the capacity would be a minimum requirement. 
4- Start-up procedure failed due to a time out, we are unsure why this occurred (may have been 
bridging of the pellets or some other unknown reason).  After resetting the furnace, a proper start 
occurred.  This failure to start could be very detrimental to any greenhouse operation.  We would 
recommend that a back-up start-up be performed instead of a default error message. 
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Experiment 2 - February 14, 2012 
The first experiment shows that the maximum difference of temperature between inside and outside 
the greenhouse was 10 ⁰C which is unsatisfactory for the needs of a greenhouse. In order to 
recuperate as much heat as possible, the furnace was moved inside the greenhouse. Then, a second 
experiment was achieved over a period of 2 days in order to evaluate which temperature difference 
the system will be able to maintain. Similarly to experiment 1, the temperature heating set point for 
the greenhouse was set at 15 ⁰C and the same polyethylene tube was used in order to distribute the 
heat inside the greenhouse. In this experiment, six temperature probes were used in order to record 
the temperature at different location. Probe 1, 2 and 3 were installed on at 3 different locations 
inside the greenhouse at an elevation of approximately 1 meter from the ground which is the usual 
height of a table inside a greenhouse. Probe 4 was installed at ground level inside the greenhouse. 
Probe 5 was inside the greenhouse for the first 16 hours and was moved outside the greenhouse at a 
location that is facing south. Probe 6 was outside the greenhouse for the whole experiment and was 
located on the North side of the greenhouse 
  

The furnace was activated 10 hours after the beginning of the experiment. However, it did not start 
running until hour 15 since the temperature inside the greenhouse was higher than 15 ⁰C. The 
furnace was not able to maintain the 15 ⁰C for the first 2 hours after the temperature inside the 
greenhouse has drop below 15 ⁰C.  After the furnace was warmed up, the furnace was able to 
maintain the set temperature inside the greenhouse until it was shut off at 8 o’clock the following 
day. 

Observation 

 

1- As shown previously, the maximum temperature difference that the furnace is able to handle 
is approximately 15 ⁰C. Then, a larger capacity furnace would be required to keep the 
greenhouse running during the coldest month of the winter. Based on rough calculation, the 
furnace need to be at least double to allow the greenhouse to run continuously. Assuming 
that several furnaces are used to heat the greenhouse, they should talk to each order to avoid 
continuous start and shut down of both furnaces. 

General recommendation 

2- Similarly to the first experiment. The start-up procedure failed due to a time out. Since a 
failure to start could be detrimental for a greenhouse operation, we would recommend that a 
back-up start-up be performed instead of a default error message. Moreover, the furnace 
should be equipped with an alarm system telling the operator that a failure to start or an 
operation failure occurs. With this kind of system, the operator will be able to reset the 
furnace before damage to the plant production will occur. 

3- Furthermore, the furnace should be equipped with a mechanism that will anticipate the drop 
of temperature at the end of the day. As the experiment shows, the temperature inside the 
greenhouse has drop as low as 5 ⁰C before the furnace has the time to warm up. In order of 
avoid that, the furnace should be equipped with a system allowing the furnace to warm itself 
up during the late afternoon before the outside temperature drop occur.  

4- Lastly, it is possible to increase the efficiency of the furnace by rejecting the flue gas inside 
the greenhouse which is the only heat lost that the furnace produce. However, this will be 
possible only if a proper filtering system is attached to the chimney. Current research shows 
that a filtering system that allows only the heat and the CO2 to pass through is possible. 
Testing this kind of system of the furnace is the next step. 
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Abstract 

Biomass heating is used more and more by the greenhouse industry to 

reduce costs and the environmental footprint of production. The objective of this 

research project was to investigate the possibility of using the carbon dioxide 

(CO2) from the exhaust gas of a biomass heating system to enrich greenhouses 

with CO2 and improve crop yield. When compared to direct combustion, biomass 

gasification technology offers better control, which helps in reducing atmospheric 

emissions. Gasification is a thermo-chemical reaction, which converts solid 

biomass into a gaseous fuel, known as syngas. Experiments were performed at 

McGill University (Montreal, QC, Canada) using a downdraft gasifier to monitor 

its performance, with sawdust wood pellets as feedstock. Temperature and 

pressure monitoring provided valuable insights on optimal gasification 

temperatures, biomass fuel depletion in the reactor, ash grate shaking 

requirements, micro-explosions detection, char bed packing and pressure drop 

across the packed bed filter. The gasifier operated with an average equivalence 

ratio (the actual air to fuel ratio relative to the stoichiometric air to fuel 

requirement) of 0.17, below the optimal value of 0.25, and achieved a cold gas 

efficiency of 59%. Syngas combustion emissions produced an average of 8.8 ppm 

of carbon monoxide (CO), with 60% of the trials below the ASHRAE standards 

for indoor air quality and 90% below 20 ppm. The sulphur dioxide (SO2) 

emissions were below ppm levels, while ethylene (C2H4) emissions were below 

the critical concentration of 50 ppb for CO2 enrichment. The average nitrogen 

oxides (NOx) emissions were 23.6 ppm and would need to be reduced to allow 

commercial operations. From the empirical data, the gasifier operating with 

sawdust wood pellets, with a consumption of 7.7 kg/hr, could provide a maximum 

of 22.9 kW of thermal energy and could enrich a maximum of 1540 m
2
 of 

greenhouse surface area. Results indicated that biomass, following combustion or 

gasification, could provide more CO2 for greenhouse enrichment than propane or 

natural gas per unit of energy. Biomass gasification coupled with syngas 

combustion could be a promising renewable alternative to propane and natural gas 

for CO2 enrichment in greenhouses. 
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Résumé 

Le chauffage à la biomasse résiduelle est utilisé de plus en plus par 

l’industrie serricole afin de réduire les coûts d’opérations et les impacts 

environnementaux. L’objectif de cette recherche était d’examiner la possibilité 

d’utiliser le dioxyde de carbone (CO2) des gaz d’échappement d’un système de 

chauffage à la biomasse afin d’enrichir les serres en CO2 et favoriser le rendement 

des cultures. Par rapport à la combustion directe, la gazéification de la biomasse 

offrent un meilleur contrôle qui permet de réduire les émissions atmosphériques. 

La gazéification est une réaction thermochimique qui convertit la biomasse solide 

en un combustible gazeux, le syngas. Des expériences ont été réalisées à 

l’Université McGill (Montréal, QC, Canada) pour étudier les performances d’un 

gazogène à courant descendant, alimenté avec des granules de sciure de bois. Les 

données de température et de pression ont fourni des informations sur les 

températures de gazéification optimale, le niveau de combustible dans le réacteur, 

les besoins d’agitation de la grille de cendre, la détection de micro-explosions et 

les chutes de pression au travers du lit de charbon du réacteur et du filtre au 

charbon. Le gazogène a fonctionné avec un ratio d’équivalence (i.e. le ratio réel 

par rapport au ratio stoichiométrique d’air et de combustible) moyen de 0.17, 

inférieur à la valeur optimale de 0.25, et une efficacité de 59%. La combustion du 

syngas a produit une moyenne de 8.8 ppm de monoxyde de carbone (CO), où 

60% des essais ont respecté les normes de qualité de l’air, et 90% ont été en 

dessous de 20 ppm. Le dioxyde de soufre (SO2) a été indétectable à une résolution 

en ppm, et les émissions d’éthylène (C2H4) ont été inférieures à la concentration 

critique de 50 ppb pour l’enrichissement au CO2. La moyenne d’oxydes d’azote 

(NOx) a été de 23.6 ppm et devrait être réduite pour des opérations commerciales. 

Le gazogène alimenté aux granules de bois, avec une consommation de 7.7 kg/hr, 

pourrait fournir 22.9 kW d’énergie thermique et enrichir une serre d’une surface 

de 1540 m
2
. Les résultats indiquent que la gazéification de biomasse, couplée à la 

combustion de syngas, est une alternative prometteuse au propane et au gaz 

naturel pour l’enrichissement des serres au CO2, puisque davantage de CO2 par 

unité d’énergie est fournie et ce, à partir d’un combustible renouvelable.  
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Chapter 1: General Introduction 

 

A worldwide shift in policy is currently pushing most industries and 

governments to reduce greenhouse gas emissions and reduce their dependence on 

fossil fuels by developing cleaner alternatives and improving energy efficiency. 

Many nations are seeking energy independence and security, by developing 

efficient technologies and using local sources of sustainable energy. In northern 

climates, the horticulture industry has not been spared of these changes due to 

their high energy consumption. Greenhouse operators must address this issue by 

balancing energy efficiency through structural or fuel saving techniques, while 

keeping growing conditions optimal in order to compete with international 

markets for commodities. Specifically, heating systems require improvements as 

they solicit around a quarter of the operational costs depending on the energy 

source (oil, gas, electricity, or biomass) (Chau et al., 2009). It is to the growers’ 

advantage to reduce the annual energy cost and, consequently, the environmental 

footprint of greenhouse operation.  

Within the last decade, fluctuations of fossil fuel prices have increased the 

necessity to explore alternative systems and this has allowed biomass heating to 

become an economically viable option (Chau et al., 2009). Biomass has been 

recognised as a sustainable renewable fuel alternative that can also reduce 

greenhouse gas production (Petersen Raymer, 2006). The life-cycle global 

warming potential of combined heat and power systems fuelled with biomass is 

much lower than for systems powered with natural gas (Eriksson et al., 2007). 

Carbon dioxide (CO2) emissions from biomass heating systems still occur at the 

chimney due to the natural thermo-chemical reaction of combustion. However, 

considering that biomass combustion releases, at most, the same amount of CO2 

that was absorbed via photosynthesis in the plant’s life cycle, the technology is 

thus considered carbon neutral (Basu, 2010). Biomass combustion technologies 

are well established, but gasification technologies are showing a lot of promise, 

both in research and commercial applications, to achieve high efficiency and 
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cleaner energy production (Quaak et al., 1999; McKendry, 2002; Basu, 2010). 

Gasification is a thermo-chemical reaction that differs from combustion by being 

under partial oxidation, thus converting the material into a gaseous fuel. In its raw 

form, the gas is known as producer gas and can be used for power and heat 

production. Once removed from impurities, the gas is referred as a synthesis gas, 

which can be further converted into chemicals or liquid fuels (McKendry, 2002). 

For the sake of this research project, the term syngas is used in reference to the 

producer gas. Since a gaseous fuel is burned instead of a solid fuel, a gasification 

system allows biomass heating to be cleaner and easier to control, than direct 

combustion systems (Reed et al., 1988; Quaak et al., 1999; Whitty et al., 2008). 

Using waste exhaust gases from a heating system can be beneficial to 

greenhouse plants by providing a viable source of carbon dioxide (Hicklenton, 

1988). CO2 enrichment is a well established technique to enhance photosynthesis 

resulting in improved yields and income (Chalabi et al., 2002). Enrichment is 

typically practiced with pure CO2 in bulk or from combustion of hydrocarbon fuel 

(natural gas or propane). Usually, these fuels are employed in dedicated burners to 

provide CO2, while a separate heating system provides most of the heat to the 

greenhouse (Hanan, 1998). CO2 enrichment from the exhaust of a natural gas or 

propane heating system has proven to be feasible, but replacing these fuels with 

biomass could have further benefits. However, very few researchers have 

explored the feasibility of using CO2 from heating systems supplied with 

renewable energy, apart from a corn furnace or the use of landfill biogas 

(Léveillée and Gendreau, 1998; Jaffrin et al., 2003). With the optimisation of 

carbon absorption by plants, a greenhouse fed with the clean exhaust of a biomass 

heating system could benefit from an overall greenhouse gases reduction. CO2 

enrichment from exhaust gases could be a means to reduce carbon emissions 

directly at the source through greenhouse grown plant uptake. Such an initiative 

could be part of a carbon market and sequestration incentive. The concept of solid 

waste, from municipal or industrial sources, is progressively being recognised as a 

resource, but capturing waste exhaust gas compounds can also provide a potential 
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useful resource, while reducing atmospheric emissions and improving the overall 

efficiency of a process. 

 

1.1 Hypothesis 

Considering the current challenges of obtaining clean exhaust gas from 

biomass combustion, alternative thermo-chemical processes, which could be used 

for heating and supplying CO2, were explored and the first hypothesis was 

established: 

 Biomass gasification can provide a safe, sustainable and viable 

replacement to conventional CO2 production technologies for 

enrichment in greenhouses. 

Once the gasification process was well understood and tested in regard to 

its application for CO2 enrichment, the second hypothesis was formulated: 

 Near complete syngas combustion can relieve the need of post-

combustion cleaning systems and produce a clean flue gas to be 

used for CO2 enrichment in greenhouses. 

 

1.2 Objectives 

At the moment of writing, no known peer reviewed research had explored 

the feasibility of greenhouse CO2 enrichment from the exhaust gas of a biomass 

heating system. Therefore, it was necessary, as a first objective, to give thorough 

attention to the literature review. 

 Objective 1: To identify research avenues and directions to achieve CO2 

enrichment from a solid biomass heating system.  

The second chapter of this thesis provides an overview of different CO2 

enrichment benefits and practices from exhaust gas recovery. The usual 

composition of exhaust gas is detailed to understand the various challenges in 
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obtaining clean CO2 from heating systems. This review concentrates on the 

potential of CO2 enrichment from flue gases of biomass heating systems. For that 

purpose, common techniques are addressed, but the focus remains on exploring 

maturing technologies that may be applicable to address future research 

directions.  

The third chapter delves deeper into the use of gasification technologies as 

a potential CO2 production unit for greenhouses, by performing laboratory scale 

experiments. 

 Objective 2: To monitor the performance of a pilot scale gasifier 

(downdraft type of 10 to 100 kW) to estimate the useable CO2 production 

rate for enrichment per unit of biomass, while identifying the 

characteristics of the system that would affect CO2 enrichment operations.  

The experiments were performed to obtain average empirical data to estimate 

biomass consumption rate, air intake flow rate and syngas flow rate, which were 

needed to estimate the CO2 enrichment potential of the unit. The gasifier 

performance was also monitored in terms of temperature, pressure and efficiency, 

by considering the use of densified biomass (sawdust wood pellets).  

While understanding the gasifier performance is essential to ensure steady 

operation, the combustion of syngas remains a pivotal component to guarantee 

clean exhaust gas for safe use of CO2 in greenhouses.  

 Objective 3: To monitor the performance of a syngas burner in terms of 

exhaust gas composition and to identify potential improvements for the 

burner design aimed at its application for CO2 enrichment in greenhouses.  

The fourth chapter of this thesis looks at the exhaust gas emissions from a 

rudimentary syngas swirl burner. An outlook of the flue gas compounds formation 

and of the current syngas burner design is given. The experimental CO2 

enrichment potential of syngas combustion is compared with theoretical 

estimations. The goal of the research is to demonstrate that syngas combustion 
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may present an interesting renewable alternative for CO2 enrichment from a 

biomass heating system. Chapter 2, 3 and 4 are presented as standalone 

manuscripts for this engineering research project. 

 

1.3 Scope 

The experiments for this engineering research project were conducted 

from April to October 2010, at the Technical Services building of the Macdonald 

Campus of McGill University. The campus is located in Sainte-Anne-de-

Bellevue, at the western tip of the island of Montreal (Quebec, Canada).  

 

Figure 1.1 – Photograph of the GEK gasifier used for experiments on CO2 

enrichment from biomass 
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Chapter 2: Literature Review 

 

Table 2.1 – Nomenclature 

Acover surface area of the greenhouse cover  (m
2
) 

cp specific heat capacity of air  (J/(kg∙K)) 

ηb boiler or furnace efficiency % 

ηd heat distribution network efficiency  

ρ air density  (kg/m
3
) 

Ppeak Peak power output of the heating system (W) 

q number of air exchange per hour  (hr
-1

) 

Q 
air

 convective heat loss by air exchange  (W) 

Q 
cl

 conductive heat loss through the greenhouse walls and roof  (W) 

Q 
clp

 conductive heat loss through the greenhouse perimeter  (W) 

Q
t
  rate of total greenhouse heat loss  (W) 

Tin inside greenhouse operating temperature  (K) 

Tout minimum outside temperature  (K) 

Ucover heat transfer coefficient of the walls and roof materials  (W/(m
2
∙K)) 

Up thermal conductivity of the perimeter  (W/(m∙K)) 

V greenhouse volume  (m
3
) 

 

  



20 

2.1 Introduction 

In practice, carbon dioxide (CO2) enrichment from the exhaust gas of 

biomass boilers is still challenging and expensive considering the current 

equipment and exhaust gas composition (Chau et al., 2009b). However, recent 

technological developments could help reduce costs and make this process more 

feasible. This paper provides an overview of different CO2 enrichment benefits 

and practices from exhaust gas recovery. The usual composition of exhaust gases 

will be detailed to understand the various challenges in obtaining clean CO2 from 

heating systems. This review will also concentrate on the potential of CO2 

enrichment from biomass flue gas. For that purpose, common techniques will be 

addressed, but the focus will remain on exploring maturing technologies that may 

be applicable, in order to address future research directions. 

 

2.2 CO2 enrichment benefits 

Carbon dioxide is fixed and reduced into simple sugars during 

photosynthesis.  

 6CO2+12H2O
light energy
       C6H12O6+6O2+6H2O (1) 

The series of carbon-fixation reactions is called the Calvin cycle. 

However, CO2 reaches the Calvin cycle through one of three metabolic pathways 

depending on the plant species (Graham et al., 2003). The C3 pathway is used by 

the majority of plants on Earth such as common cereal grasses, soybeans and 

potatoes. The C4 pathway is more efficient at fixing CO2 and achieving higher net 

rates of photosynthesis, which make crops, such as corn and sugarcane, thrive. 

The CAM plants are common in arid and desert conditions. They also use the C4 

pathway but operate at night to compensate for daytime high temperatures and 

reduce water losses. The C3 plants are the most common greenhouse crops, but 

they are less efficient at fixing CO2 when concentrations are around ambient CO2 

levels, which is currently estimated at 388ppm (Tans, 2010). This reduced 

efficiency is due to photorespiration, which occurs in sunlight and is the 
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consequence of the RuBisCO enzyme combining with oxygen (O2) instead of CO2 

during the Calvin cycle. The plant releases some CO2 during the day instead of 

O2, and as much as half of the CO2 fixed may be returned to the atmosphere 

(Graham et al., 2003). The main consequence of photorespiration for greenhouse 

operators is reduced biomass yield. 

C4 and CAM plants have evolved to use better metabolic mechanisms to 

reduce photorespiration problems directly, but they do not represent the majority 

of agricultural and greenhouse crops. For C3 plants, raising CO2 concentrations in 

a greenhouse limits photorespiration by reducing the binding affinity of RuBisCO 

in the plant to inadvertently absorb O2 (Mortensen, 1987). Consequently, yields of 

C3 plants are improved because of a higher photosynthetic rate, creating more 

carbohydrates, which translate into increased biomass (Sánchez-Guerrero et al., 

2009). Yield increases are observed in various plants whether it is through larger 

total dry mass, bigger and more numerous fruits, larger leaves and flowers, as 

well as earlier flowering time and reduced overall production time. High CO2 

levels have also been reported to promote hormonal responses in terms of 

enhanced secondary compounds such as essential oils and antioxidants (Tisserat 

and Vaughn, 2001; Wang et al., 2003). Benefits of CO2 enrichment are widely 

documented for commercial greenhouse crops, including fruits, flowers and 

vegetables. Yields have been observed to increase from 21 to 61% in dry mass. 

Each crop responds differently and has a particular optimal enrichment CO2 

concentration level. On average, greenhouse crops benefit from an increase in 

CO2 concentration varying between 700 to 1000 ppm (Wittwer and Robb, 1964; 

Mortensen, 1987; Willits and Peet, 1989; Hanan, 1998; Critten and Bailey, 2002; 

Jaffrin et al., 2003; Tisserat et al., 2008; Sánchez-Guerrero et al., 2009).  
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Table 2.2 – Examples of optimal CO2 enrichment concentrations for typical 

greenhouse crops (Yelle, 1988) 

Crop Optimal CO2 

Concentration 

Tomato 1000 ppm 

Cucumber 1200 ppm 

Pepper 1000 ppm 

Lettuce 1000 - 1500 ppm 

Rose 1000 -1200 ppm 

 

These optimal levels can help overcome the inherent C3 pathway 

inefficiency, but concentrations higher than 1500 ppm can cause permanent 

damage to some plants, such as chlorosis, necrosis and curling of the leaves 

(Mortensen, 1987). Moreover, the yield benefits from CO2 enrichment can 

counterbalance any reduction in sunlight irradiance that would normally result in 

decreased plant growth. For instance, CO2 enrichment can fully compensate a 

30% decrease in daylight (Mortensen and Moe, 1983). Higher CO2 concentration 

decreases the leaves stomatal aperture leading to lower transpiration rates, which 

correlates into enhanced water use efficiency (Leakey et al., 2006). Since less 

water is necessary under enrichment conditions, nutrient uptake by the plant is 

increased (Sánchez-Guerrero et al., 2009). 

 

2.3 Common practices for CO2 enrichment 

CO2 enrichment is recommended from sunrise until sunset and the rate 

will depend mostly on crop type, crop age, CO2 loss and ventilation rates 

(Mortensen, 1987). As a general rule of thumb, Hinklenton’s guideline suggested 

an injection rate of 5.6 g CO2/(m
2
∙hr) to achieve an average optimal concentration 

of 1000 ppm (Hicklenton, 1988). However in practice, it is not surprising to see 

producers injecting CO2 at rates of 20 g/(m
2
∙hr) and up to 50 g/(m

2
∙hr) (Edwards, 

2008). Ventilation is the major parameter that has the most influence on CO2 

enrichment performance. In winter, since ventilation is reduced, CO2 can reach 

levels close to depletion if not supplied, while in summer, during full ventilation, 

most of the CO2 injected will be lost to the atmosphere (Hanan, 1998). Both cases 

have economical impacts on the production. One management strategy is to inject 
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CO2 only to prevent depletion, thus remaining at atmospheric levels, while 

benefiting from some yield improvements and lower costs (Kläring et al., 2007). 

Other strategies involve maintaining concentration at atmospheric levels during 

the ventilation period and enriching up to the desired optimal level when the 

greenhouse is kept closed (mornings and late afternoons during the summer and 

most of the winter) (Sánchez-Guerrero et al., 2005). Alternative cooling systems, 

such as geothermal or aquifer cooling, are also promising technologies to reduce 

the necessity of frequent air exchanges and preventing substantial losses of CO2 

(Sethi and Sharma, 2007). In addition, recent plant science research advocates for 

a plant based approach to CO2 enrichment. It has been observed that plants only 

fix a portion of the generated CO2 at a time (Edwards, 2008). An example with 

CO2 enriched tomato cultures showed that the plants were accumulating an excess 

amount of starch compared to their ability to convert carbon for the benefit of 

fruit growth. Edwards (2008) suggested that the leaf mass per unit area could be 

used as a promising indication to determine if the plant had a surplus of carbon 

and if enrichment should be postponed. Therefore, a plant based approach for CO2 

enrichment, as suggested by Edwards (2008), could prevent overdosing and 

wasting of CO2 to the atmosphere. 

A common source of CO2 is in a pure liquefied form, stored in a 

pressurized tank, which is a safe option to ensure quality gas injection (Wittwer 

and Robb, 1964). The reservoir capacity can range from 20 kg to 52,000 kg of 

CO2. Pure CO2 facilitates the control of desired concentrations, but remains the 

most expensive source (Hanan, 1998). In comparison, fuel combustion is a 

cheaper alternative in terms of both fixed and operational costs. Propane is a 

popular fuel and consists of a mixture of 65% propane and 35% propylene. The 

latter is phytotoxic following incomplete combustion. Small common burners will 

consume 1 kg of propane to produce around 3 kg of CO2 (Hicklenton, 1988). 

Depending on the access to the supply, natural gas, when used for CO2 

enrichment only, is safe and economical which makes it an even more popular 

alternative (Hanan, 1998). A general burner will consume 1 kg of natural gas to 

produce 2.1 kg of CO2 (Hanan, 1998). 
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2.4 CO2 enrichment from exhaust gases 

Exhaust gases taken from heating systems provide a “free” source of CO2 

for greenhouses enrichment. It can be considered “free” since it is a waste product 

of necessary heating. Larger heating systems may require adjustments and 

investments for installation and maintenance (Hicklenton, 1988), including 

distribution network, flue gas cooling and removing toxic compounds if 

necessary. Work by Chalabi et al. (2002) has also confirmed significant economic 

benefit of CO2 enrichment from exhaust gases over pure CO2. 

 

2.4.1 Optimal management strategies 

Using exhaust gas efficiently requires optimal management strategies 

since heating periods do not always coincide with CO2 enrichment periods. 

Heating occurs mostly at night (depending on climate) while CO2 enrichment is 

required only during daytime lighting periods for photosynthesis. A typical 

solution is to store the heat in a hot water or thermal fluid tank during the day 

when producing CO2 for the plants. The heat reservoir acts as a buffer and the hot 

fluid can then heat the greenhouse at night via a forced air system or radiation 

pipes (Chalabi et al., 2002). A second option, suggested for mild winter climates, 

is to enrich only in the mornings and late afternoons, when the solar energy intake 

for the greenhouse is low. This morning/evening method has proven to be useful 

since ventilation typically does not function during these time periods and 

increases enrichment efficiency (Sánchez-Guerrero et al., 2005). It has been 

reported that injecting higher concentrations of CO2 than required, starting one 

hour before sunrise and for two subsequent hours, has produced similar results to 

continuous daytime enrichment (Longuenesse, 1990). In general, optimal 

enrichment procedures during the daytime increase yields by 11% and this benefit 

increases to 24% when using heat storage strategies (Chalabi et al., 2002). 
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2.4.2 Natural gas and other hydrocarbons 

Assuming proper combustion, natural gas is typically accepted by industry 

to produce clean CO2, which can be directly injected into the greenhouse (Chalabi 

et al., 2002). It also serves as a better heat source than propane when supplying 

CO2 (Hicklenton, 1988). Since heating and enrichment do not always coincide in 

the same time period, Chalabi et al. (2002) reported that enrichment using natural 

gas typically increases fuel consumption by 25% from what is used for meeting 

the greenhouse heating requirements only. However, this observed value could be 

reduced depending on optimal enrichment strategies, including use of heat storage 

tanks. Enrichment at the same time than heating periods does not increase fuel 

consumption (Chalabi et al., 2002). CO alarms are required inside the greenhouse 

since incomplete combustion of natural gas could be harmful, both for plants and 

humans. CO2 concentration is typically controlled via on/off modulation of the 

burner linked to CO2 sensors strategically placed in the greenhouse. Water vapour 

can also be a concern and should be removed via condensers as it can cause 

fungus and mould growth within the greenhouse (Chau et al., 2009b). Standard 

greenhouse practices dilute the exhaust gas with outside air, which condenses 

water vapour, decreases the flue gas temperature, and reduces harmful gas 

concentration to acceptable levels. The cool diluted gases are then distributed 

throughout the greenhouse with standard circulation fans or perforated plastic 

tubes (Chalabi et al., 2002).  

 

2.4.3 CO2 enrichment from renewable fuels 

Heating systems fed with solid biofuels have now surpassed the proof of 

concept and have been implemented commercially in various regions of the 

world. Many of those still emit gaseous emissions, but when connected to a 

greenhouse, CO2 can potentially be considered a co-product as long as it is 

cleaned of impurities and used efficiently for enrichment. Therefore, CO2 could 

be harvested from heating systems running on biomass, biogas of anaerobic 

digestions or landfill, and even from gases emitted by large industrial size 
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composters. Early research has explored the use of landfill biogas and a corn 

furnace.  

 

2.4.3.1 Landfill Biogas 

Combustion of biogas, collected from a landfill, has been promoted by 

research and proven viable to supply both heating and CO2 (Jaffrin et al., 2003; 

Janes et al., 2005). In a demonstration project, the extracted gas was directed into 

a combustion boiler, which discharged the CO2 inside a greenhouse once it was 

purified (Jaffrin et al., 2003). Since biogas was extracted from a heterogeneous 

landfill, its composition and toxicity varied significantly. For instance, methane 

(CH4) content could range between 23 to 54% depending on the conditions. Toxic 

compounds were predominantly destroyed once the gas was flared at over 900
o
C, 

while a gas scrubber, using a chemically reactive liquid, purified the gas from acid 

contaminants (Jaffrin et al., 2003). To reduce risks of toxicity, the exhaust gas was 

cooled down and diluted up to 50 times with fresh air. Jaffrin et al. (2003) 

reported that most toxic gases were found to be diluted and undetectable once 

injected in the greenhouse. Carbon monoxide (CO), while detectable, was well 

below ASHRAE safety regulations (Jaffrin et al., 2003). Thereafter, they observed 

a 30% yield increase in the supplemented greenhouse. These results show 

promising use of landfill biogas even though little additional research has been 

published on other commercial applications. Their methodology also hints at 

practices, such as high temperature combustion, the use of scrubbers and proper 

dilution, which could be applicable for biomass heating systems with 

contaminated exhaust gas.  

 

2.4.3.2 Corn Furnace 

The Quebec greenhouse research center, “Centre d'information et de 

développement expérimental en serriculture” (CIDES, Canada), has performed an 

experiment using corn as a fuel source to supply CO2 to a greenhouse (Léveillée 

and Gendreau, 1998). A furnace designed specifically for this purpose ejected the 
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exhaust gas directly in the greenhouse without requiring particulate or pollutant 

removal. They reported that 1.7 kg of CO2 was produced from 1 kg of corn. In 

comparison, propane yields 3 kg of CO2 per kg of fuel, while natural gas provides 

1.8 kg of CO2 per m
3
. Depending on the local cost of these fuels, Léveillé and 

Gendreau (1998) had calculated that corn usually proved to be a more economical 

option. In that study, the concentrations of the nitrogen oxide (NOx), sulphur 

oxide (SOx), CO and ethylene (C2H4) were below toxicity levels, while fine 

particulates were not listed in the report (Léveillée and Gendreau, 1998). The 

design and combustion efficiency of the furnace used in the experiment were not 

described and could be areas of improvements for this CO2 enrichment method. 

Nonetheless, these results reveal the potential of using solid dry biomass for CO2 

enrichment.  

 

2.5 CO2 enrichment from biomass heating systems 

Biomass is a very broad term encompassing many sources of non-

fossilized and biodegradable organic materials, which are derivatives of plants as 

a result of photosynthesis or are originating from animals and micro-organisms 

(Basu, 2010). Around 1% of the incoming solar radiation energy is converted by 

plants into chemical energy via photosynthesis (McKendry, 2002a). This available 

energy within biomass can then be released or converted into other high energy 

content products via thermo-chemical or bio-chemical processes. Biomass with 

lower moisture content (below 50%) can release energy, fully or in part, as heat 

through thermo-chemical processes such as combustion, gasification or pyrolysis 

(McKendry, 2002b). Biomass with, but not limited to, high moisture content can 

be converted with bio-chemical processes, such as fermentation and anaerobic 

digestions, into liquid and gaseous fuels (McKendry, 2002b). Common biomass 

resources can include products, by-products, residues and waste from agriculture 

and forestry industries along with non-fossilized, biodegradable industrial and 

municipal wastes (Basu, 2010). Whether provided in its raw form or processed as 

pellets, chips, brickets or others, biomass can be an appropriate fuel to provide 

both heat and CO2 to a greenhouse via combustion or other thermo-chemical 
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processes. Biomass is acknowledged to be renewable by many governmental 

institutions and has proven to be profitable in some commercial applications even 

when compared with natural gas (Chau et al., 2009a). Biomass heating is found to 

sustain heating requirements of large surface buildings in northern winters. Such 

high demands in thermal energy are difficult to satisfy whether practically, by 

other renewable resources such as solar and wind, or economically when using 

hydro-powered electrical or geothermal heating.  

However, biomass combustion is not as clean as natural gas combustion. 

While it produces CO2 and water vapour as well, it also leads to higher emissions 

of NOx, SOx, CO, and volatile organic carbons (VOCs). Still, the overall life-cycle 

greenhouse gas emissions of biomass compared to natural gas are much lower 

(Dones, 2003). Therefore, more CO2 is emitted at the stack of the biomass boiler, 

but when considering resource extraction, transportation, transformation, use and 

disposal, and carbon fixation by trees, the carbon balance is better than with 

natural gas (Eriksson et al., 2007). In terms of enrichment applications, 

combustion of dry and clean wood biomass can produce two times more useful 

CO2 than natural gas for the same energy unit (Chau et al., 2009b). Exact flue gas 

composition depends on furnace design and efficiency. Additionally, considering 

the vast selection of solid dry biomass with distinct properties, emission 

characteristics and efficiency may differ significantly from one source to another.  

 

2.5.1 Exhaust gas composition 

Ideally, complete combustion of organic compounds produces heat and 

emits CO2 and water vapour. In practice, heating systems cannot reach 100% 

combustion efficiency whether it uses fossil fuels or biomass. Consequently, 

incomplete combustion generates pollutants that can be toxic when injected in a 

greenhouse atmosphere. They need to be treated and separated since these can be 

detrimental to plant health as much as ultra-high CO2 concentrations. The main 

compounds found in the exhaust gas of inefficient biomass heating systems are 

CO, NOx, SOx, C2H4, other VOCs, and fine particulates (Hanan, 1998). Other 

compounds, emitted in low concentrations, include nitrous oxides (N2O), 
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hydrogen chloride (HCl) originating from some grasses, heavy metals (Cu, Pb, 

Cd, Hg) from impregnated or painted wood, polycyclic aromatic hydrocarbons 

(PAH), polychlorinated dioxins and furans (PCDD/F), ammonia (NH3) and ozone 

(O3) (Van Loo and Koppejan, 2008). PAH emissions have received growing 

concerns due to their carcinogenic effects (Van Loo and Koppejan, 2008).  

For injection of CO2 in greenhouses, human health and safety have to be 

prioritized, and control measures must be applied. Exhaust gases can contain 

hazardous compounds such as carbon monoxide, lethal for humans, and fine 

particulates, which can cause respiratory problems. Compiled data for 

concentration limits from ASHRAE (2009) standards are presented in Table 2.3. 

Indoor air quality standards for human beings are strict and should be applicable 

to maintain plant health. For instance, injuries from NOx or SOx to plants have 

been observed at concentrations higher than those established by ASHRAE 

(Bennett et al., 1975; Mortensen, 1987; Hanan, 1998). Therefore, respecting 

ASHRAE standards should ensure clean greenhouse air quality for both workers 

and crops.  

Table 2.3 – ASHRAE standards to indoor environmental quality (ASHRAE, 

2009) 

Compound  Concentration limit 

Carbon Dioxide CO2 3500 ppm 

Carbon Monoxide CO 11 ppm (8h) 

    25 ppm (1h) 

Nitrogen Dioxide NO2 0.05 ppm 

    0.25 ppm (1h) 

Particles PM2.5  40 μg/m
3
 (8h) 

    100 μg/m
3
 (1h) 

Sulphur Dioxide SO2 0.019 ppm 

VOC
a
  1 - 5 mg/m

3
 

Acrolein C3H4O 0.02 ppm 

Acetaldehyde C2H4O 5.0 ppm 

Formaldehyde CH2O 0.1 ppm 
a Limits for VOCs are usually presented per individual compound. 

The presented value for VOCs concentration limit is a suggested 

target from Health Canada (Health Canada, 2007) while limits for 

C3H4O, C2H4O and CH2O are from ASHRAE (2009). 



30 

Carbon monoxide is mostly damaging for humans since it is a chemical 

asphyxiant that prevents oxygen transport in the blood. CO becomes poisonous 

when inhaled in large quantities since it has more affinity with hemoglobin and 

forms carboxyhemoglobin (ASHRAE, 2009). Post-combustion CO emissions are 

due to insufficient levels of hydrocarbons oxidation, low temperatures (under 

1000°C) and short residence time (Van Loo and Koppejan, 2008).  

Incomplete combustion and improper air-fuel mixing will generate volatile 

organic compounds. These include a many different compounds that can vaporize 

easily and that contain organic carbon bonded with other carbon, hydrogen, 

nitrogen or sulphur (De Nevers, 2000). VOCs are usually regulated individually 

since some are not toxic to humans while others can be toxic and carcinogenic 

(De Nevers, 2000). In terms of toxicity on plants, ethylene is one of the most 

important VOCs. Ethylene acts as a plant hormone, which provokes early 

senescence (leaf drop) in plants (Mortensen, 1987). Hanan (1998) has concluded 

that C2H4 can remain lower than the critical concentration of 50 ppb as long as the 

flue gas CO does not exceed 50 ppm. Still, even the best combustion systems 

using propane or natural gas might not avoid ethylene production, but the 

concentration should remain low enough to be diluted and untraceable inside the 

greenhouse (Hicklenton, 1988).  

The compounds of SOx consist mostly of SO2 and a small fraction of SO3, 

which is usually negligible (De Nevers, 2000). Sulphur dioxide has been 

commonly observed as phytotoxic (Hicklenton, 1988). Plant leaves will show 

signs of necrosis under SO2 exposures exceeding 0.5 ppm over a 4 hour period 

(Hicklenton, 1988). Since SO2 is easily soluble in water, it will react with 

moisture when inhaled and irritate lungs (ASHRAE, 2009). However, SOx are 

produced only if sulphur is present in the fuel (Bennett et al., 1975). For instance, 

SO2 emissions were common when low quality kerosene was used, but are now 

significantly reduced with low-sulphur kerosene (less than 0.06% sulphur) 

(Mortensen, 1987). Sulphur can be found between 0.01 to 2% in biomass fuels 

(Reed et al., 1988), thus the resulting SOx emissions are generally considered 

minor combustion products (Van Loo and Koppejan, 2008). In particular, wood 
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pellets contain as low as 0.01% sulphur, which makes SOx hardly measurable in 

the combustion stack (Todd, 2008). Nonetheless, SOx should not be neglected 

since it remains one of the most important compounds for air pollution control 

(De Nevers, 2000).  

Hydrogen chloride (HCl) is another compound emitted only if the 

compound, chlorine, is found in the fuel. Wood usually contains very low 

amounts of Cl, while it can be found in higher concentrations in grasses such as 

miscanthus, switchgrass and straw (Van Loo and Koppejan, 2008). HCl emissions 

can be prevented by fuel washing or with post-combustion control measures.  

Nitrogen oxides, whether in the form of NO or NO2, can be absorbed by 

plants and cause stresses such as chlorosis, necrosis or growth reduction 

(Mortensen, 1987). NOx has been measured following enrichment using propane, 

kerosene, natural gas and biomass (Hicklenton, 1988). It can reduce 

photosynthesis significantly at levels above 0.25 ppm depending on the crop 

(Hanan, 1998). In terms of human health impacts, nitric oxide (NO) inhalation 

interferes with O2 transport at the cellular level where effects of 3 ppm of NO are 

comparable to CO concentrations of 10 to 15 ppm (ASHRAE, 2009). Nitrogen 

dioxide (NO2) is a corrosive gas which can cause lung damage (ASHRAE, 2009).  

Particle emissions, also referred as particulate matter (PM), are regulated 

according to two criteria: concentration in mg/m
3
 or μg/m

3
 and aerodynamic 

diameter size in μm (ASHRAE, 2009). Particles include inorganic compounds 

from the solid fuel and heavy hydrocarbons which condense to form tars or 

unburnt carbon species creating soot (Van Loo and Koppejan, 2008). The main 

concern is with PM less than 2 μm, which can deposit in the lungs. Particles larger 

than 8 to 10 μm are typically filtered in the upper respiratory tract while 

intermediate sizes are deposited in the conducting airways of the lungs, but are 

usually cleared after being swallowed or coughed out. Submicron particles might 

not necessarily deposit inside the lungs and may be directly exhaled (ASHRAE, 

2009). Most regulations limit PM emissions concentrations according to particle 

sizes. For instance, PM10 is a standard for particles smaller than 10 μm; PM2.5 and 
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PM1 are also common references (ASHRAE, 2009). Fine particulate matter 

(PM2.5) can cause respiratory problems such as lung disease and asthma. High 

short term exposures are also linked with shortness of breath, eye and lung 

irritations, nausea and allergies (ASHRAE, 2009).  

 

2.5.2 Strategies for clean CO2 enrichment 

Nowadays, most of the pollutants mentioned previously are due to 

incomplete combustion. The main factors contributing to complete combustion of 

a fuel are residence time, temperature and turbulence (Reed et al., 1988). The 

residence time depends on the combustion chamber dimension, while temperature 

is kept high with refractory materials, ceramics or high temperature metal alloys 

(Reed et al., 1988). Temperature is preferred over 1000°C to reduce CO emissions 

and under 1300°C to control NOx emissions (Van Loo and Koppejan, 2008). 

Turbulence is promoted by various means of air injection to mix with the fuel and 

assure near complete fuel oxidation (Reed et al., 1988). The optimal combination 

of these three factors can reduce VOCs and large organic pollutants significantly 

(Van Loo and Koppejan, 2008). Additionally, most current commercial biomass 

combustion furnaces are regulated to meet local municipal regulations for gaseous 

and fine particulate atmospheric emissions. However, the main challenge is to 

reduce these emissions up to workplace safety regulations when injecting exhaust 

gas in a greenhouse with few or no post-combustion treatment system. For 

instance, typical regulations for stack PM emissions are usually found in the range 

of mg/m
3
 while it should be reduced to μg/m

3
.  

Reducing PM emissions can be costly in terms of initial system investment 

or constant maintenance cost. Post-combustion particle separation devices are 

usually described by their cut diameter (Dcut), which is the diameter of a particle 

when capture efficiency is 50% (De Nevers, 2000). The cut diameter of a 

collection device does not necessarily indicate the particle concentration output as 

it depends on the combustion system and its operation. Cyclones, scrubbers, 

electrostatic precipitators (ESP) and fabric filters can typically stop particles of 

around 5, 0.5, 0.5 and 0.1 μm respectively (De Nevers, 2000). In terms of PM 
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concentrations from large biomass boiler, it seems that an ESP is the most 

effective technology to achieve 40 mg/m
3
 (Chau et al., 2009b). Unfortunately, this 

concentration is still higher than the desired 40 μg/m
3
. Additionally, an ESP can 

increase initial costs substantially and decrease up to 70% the net present value of 

the whole system, making it only feasible for greenhouses larger than 7.5 ha 

(Chau et al., 2009b). It would be possible to combine various PM removal 

systems to reach μg/m
3
 concentrations, but the cost would not be viable with 

current technologies. Ultimately, a more affordable technique is required for PM 

removal to practice safe and economical CO2 enrichment from biomass. Ideally, 

the system should be designed to avoid post-combustion cleaning systems as seen 

with propane and natural gas CO2 enrichment burners. There are several methods 

to reduce undesirable emissions for which primary methods are internal design 

optimisations made to the heating system that make use of one or various thermo-

chemical processes, while secondary methods are post-combustion add-ons (Devi 

et al., 2003).  

 

2.5.2.1 Internal Modification 

The efficiency of biomass conversion into energy depends on the chosen 

thermo-chemical reaction. System design is crucial for reducing fuel consumption 

and pollution emissions. Implementing proper internal modifications may even 

alleviate the necessity of adding emission control devices. Amongst the main 

thermo-chemical processes for biomass conversion, combustion is widely applied 

for heating. It consists in an almost complete oxidation of the fuel resulting in heat 

production. Efficiency of combustion heating systems, by implementation of 

proper residence time, temperature and turbulence, varies depending on their 

design, manufacturing and operation. Various combustion technologies exists 

such as fixed bed, fluidized bed and pulverized bed combustion (Van Loo and 

Koppejan, 2008). The system may be built for the flame to be directed counter-

current, co-current or cross-flow to the fuel. Biomass moisture content is 

recommended to be lower than 50% since it impacts the system’s efficiency 

(McKendry, 2002b). The heating unit should have energy recovery measures to 
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reduce heat losses. Combustion chamber should work at an optimal temperature, 

with sufficient residence time and proper oxygen supply to ensure better 

combustion depending on which feedstock is used and at what moisture content 

(Van Loo and Koppejan, 2008). A more efficient combustion decreases PM and 

toxic gas emissions. For most greenhouses, biomass boilers use a hot water (or 

other thermal fluid) distribution network for heating (Chau et al., 2009b). Since 

day and night temperatures can fluctuate by more than 15
o
C on the same day, the 

turn down ratio of boiler power requirement can be significant, thus increasing 

equipment wear and maintenance cost. High power fluctuations for biomass 

heating systems should be avoided since it reduces overall fuel use efficiency and 

increases equipment wear. Thermal fluid buffers are recommended and can 

maintain boiler operation at an optimal and more constant power output 

(Nederhoff, 2004). The buffer can accumulate excess heat and then redistribute it 

to compensate for higher peaks of thermal requirements, while the biomass boiler 

is operated more continuously (The Carbon Trust, 2009). This practice reduces 

the required power output of the boiler, and consequently, the initial investment 

cost of the system. Moreover, hot water tanks are already recommended for 

optimal CO2 enrichment practices. 

 

2.5.2.1.1 Gasification 

In parallel, technologies using gasification are showing a lot of promise 

both in research and commercial applications (Quaak et al., 1999; McKendry, 

2002c; Basu, 2010). Compared to combustion, gasification consists in partial 

oxidation of biomass under high temperatures, thus converting the material into a 

gaseous fuel. Therefore, gasification requires heat to store energy into chemical 

bonds while combustion breaks these bonds and releases energy as heat (Basu, 

2010). Various types of feedstock can be used for gasification such as coal and a 

myriad of biomass sources. However, biomass has much higher volatile content 

than other solid fuels, up to 80%, which is ideal for gasification (Quaak et al., 

1999). Depending on the gasifier design and feedstock, syngas is usually 

composed of hydrogen (H2, 12-20%), CO (17-22%), CH4 (2-3%), CO2 (9-15%), 
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water vapour (H2O), nitrogen (N2) and tar vapours (Reed et al., 1988; Quaak et 

al., 1999; McKendry, 2002c). In general, air is used as the oxidizing agent and 

results in a producer gas containing impurities such as tars. When impurities are 

removed or when pure oxygen is used instead of air, the resulting gas is known as 

synthesis gas, composed of CO and H2. For the sake of this research, the term 

syngas is used in reference to the producer gas. When using air, the calorific value 

of syngas is usually around 4-6 MJ/m
3
, while it can reach 12-20 MJ/m

3
 with 

oxygen (McKendry, 2002c). In comparison, natural gas has an average energy 

content of 36 MJ/m
3
. Syngas can be used for power and heat production and 

synthesis gas can be converted again into chemicals or liquid fuels. By coupling a 

gasification chamber to a combustion chamber, the syngas is burned separately 

from the biomass fuel to provide heat and CO2. Since it is the gaseous fuel that 

undergoes combustion instead of the solid biomass, far less fine particulates are 

emitted in the stack (Whitty et al., 2008). Some inorganic and organic particulates 

might still be present in syngas and thus, syngas combustion efficiency will 

dictate how much of these particulates will be emitted. Overall, gasification 

coupled with syngas combustion for heat and power can achieve high efficiency 

and is recognised to make biomass heating cleaner and easier to control, 

compared to direct combustion of solid fuels (Reed et al., 1988; Quaak et al., 

1999; Whitty et al., 2008). Consequently, gasification could be a first step at 

facilitating CO2 enrichment of greenhouses with biomass. 

 

2.5.2.1.2 Syngas combustion 

Following gasification of biomass, the combustion efficiency of syngas 

may be the key for CO2 enrichment. Syngas combustion could make CO2 

enrichment from biomass more convenient and on par with the performance of 

fossil fuel burners. It is generally recognized that syngas combustion produces 

lower undesirable gaseous emissions than direct combustion of fuel (Whitty et al., 

2008). Specifically, air-fuel mixtures in burners are easier to control to reach near 

complete combustion than when dealing with solid fuels (Reed et al., 1988). The 

presence of CO, NOx and VOCs in the exhaust gas depends mostly on the burner 
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design and operation rather than the gas composition (Whitty et al., 2008) while 

SOx emissions are linked to the presence or absence of sulphur in the biomass. 

Therefore, great importance should be put towards burner design and biomass 

selection to assure gaseous emissions respecting health standards. 

 

2.5.2.1.3 Theoretical engineering estimations 

Estimation of the CO2 provided to a greenhouse by a biomass heating 

systems can be performed by two possible approaches. A first method would size 

the biomass heating system, whether a direct combustion boiler or close-couple 

gasifier, according to the overall greenhouse heat demand while the CO2 injected 

would represent a fraction of the exhaust gas. The second method would evaluate 

the size of a gasifier reactor that would be needed in order to be dedicated to 

supplement the CO2 requirement of the greenhouse. Excess heat would be 

accumulated in a thermal storage and a dedicated heating system would supply 

the remainder of the required thermal energy. 

The estimation of a greenhouse building heat loss dictates the required 

power output of the biomass heating system. The heat loss is calculated based on 

a simplified method taking into account the architecture and materials of the 

greenhouse, the minimum outside temperature (Tout) and the inside greenhouse 

operating temperature (Tin) (Aldrich et al., 1992). The minimum outside 

temperature is usually taken as the lowest mean dry-bulb temperature of a given 

region and the value is chosen between the 99.0% or 99.6% design condition 

(ASHRAE, 2009). The rate of total heat loss (Q
t
 ) is then given by the following 

equation: 

 Q 
t
  Q 

cl
+ Q 

clp
+ Q 

air
 (2) 

where  

Q 
cl

 = Acover * Ucover * (Tin - Tout) = Conductive heat loss, walls and roof (W) (3) 

Q 
clp

 = L * Up * (Tin - Tout) = Conductive heat loss, perimeter (W) (4) 

Q 
air

 = cp * ρ * V * q * (Tin - Tout) = Convective heat loss, air exchange (W)  (5) 



37 

and where Ucover is the heat transfer coefficient of the walls and roof materials 

(W/(m
2
∙K)), Up is the thermal conductivity of the perimeter (W/(m∙K)). For heat 

loss by air exchange, cp is the specific heat capacity of air (J/(kg∙K)), ρ is air 

density (kg/m
3
), V is the greenhouse volume (m

3
) and q is the number of air 

exchange per hour (hr
-1

). The peak power output of the heating system is then 

calculated by considering the boiler or furnace efficiency (ηb) and the heat 

distribution network efficiency (ηd). 

 Ppeak   Q t   η
b
∙ η
d
   (6) 

With this peak load sizing method, the biomass boiler can provide the total annual 

heat demand. Considering the limited turn down ratio of biomass boilers, they are 

preferred to be operated continuously at their most efficient power output. A 

second method include base-load sizing where the biomass boiler meets only the 

minimum heating demand continuously and peaks are supplemented by other 

furnaces with better turn down ratio. On the other hand, optimal thermal sizing 

includes the use of a heat storage tank to balance between peak and base load 

sizing. A rule of thumb will size the boiler at around 55% to 65% of the peak 

power output (The Carbon Trust, 2009). Nederhoff (2004) had approximated that 

the water heat storage is dimensioned between 100 to 200 m
3
 per hectare of 

greenhouse. Thorough calculations of buffer size will not be covered here but 

would be performed depending on climate, boiler efficiency and the selected 

biomass type.  

 

2.5.2.2 External Modification 

2.5.2.2.1 Scrubbing systems 

Over the last decade, it has been observed that the adverse nitrogen oxides 

and sulphur oxides found in exhaust gases could be transformed into valuable by-

products. A research suggested the conversion of NOx and SOx into nutrients for 

greenhouse plant fertilization, by means of a scrubbing system with particular 

catalysts (Chou et al., 2005). For that system, the exhaust gas originated from a 

heating system fuelled with biogas extracted from a landfill. Sulphur oxide is 
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usually reduced from flue gas when scrubbed with aqueous ammonia to form 

ammonium sulphate as a by-product (Long et al., 2004). The latter is quite 

valuable for fertilizer markets as several million tons are produced each year in 

the United-States (Chou et al., 2005). It was found that NO and SO2 could be 

simultaneously eliminated by adding a certain catalyst into the standard aqueous 

ammonia solution. The process resulted in the conversion of NO into nitrite and 

nitrate, and the subsequent absorption and oxidation of SO2 into sulphate. 

Conveniently, the process can be easily integrated in existing desulphurization 

scrubbers (Long et al., 2004). Further research is needed to assess the quality of 

fertilizers scrubbed from the exhaust gas. These scrubbing systems could supply 

nutrients directly into the irrigation network of the greenhouse while the leftover 

gas, composed mainly of CO2, could be injected for enrichment. 

 

2.5.2.2.2 Membrane separation of CO2 

In their research, Green and Maginnes (1978) developed a membrane 

based CO2 system using an odorant free natural gas-fired turbine system for CO2 

enrichment. Exhaust gases exited the stack at around 450
o
C and contained about 

2% CO2, 16 ppm NOx and no SO2. The exhaust was cooled to 82
o
C and directed 

between the two covering layers of polyethylene of the greenhouse. The nature of 

the polyethylene cover allowed high permeability of CO2 but prevented diffusion 

of NOx, which were at toxic levels. While providing heat to the greenhouse, it also 

supplied considerable concentrations of CO2, between 1500 to 6000 ppm. In terms 

of yields, the greenhouse produced 15% more fruit than the non-enriched area 

(Maginnes and Green, 1978). However, this particular application of polymer 

membranes was not widely adopted in the greenhouse industry and no known 

research continuing this specific application exists. Most current research focuses 

on membrane separation from fossil fuel combustion in large power plants as a 

means to capture and store CO2 (Yang et al., 2008). However, membrane 

separation processes could be applied for CO2 enrichment to reduce greenhouse 

gases at the source. 



39 

Compared to the conventional process of carbon dioxide capture, such as 

amine absorption process, membrane separation technology is more energy 

efficient and much simpler for CO2 capture (Scholes et al., 2008). In a review 

article, Yang et al (2008) stated that the membrane separation process was the 

most promising technology for CO2 separation and capture in terms of energy-

saving, space-saving and ease for scale up. It is these exact characteristics that 

make membrane separation appealing for greenhouse application. Membrane 

separation of CO2 is currently being considered for post-combustion and pre-

combustion capture of CO2 for the power generation industry (Zhao et al., 2008). 

Post-combustion capture occurs at the end of conventional combustion coal power 

plants and consists of separating CO2 from nitrogen in the flue gas (The Carbon 

Trust, 2009). Pre-combustion capture is being evaluated to separate CO2 from 

syngas produced from coal in integrated gasification combined cycle (IGGC) 

power plants. Syngas must be cleaned of impurities, such as particulates or acid 

gases, and then “shifted” by reacting with steam over a catalyst which will 

convert CO into CO2 (Amelio et al., 2007). Membrane separation is applied to 

remove CO2 from the hydrogen, which can be burned and passed through turbines 

for power generation. Most greenhouses heated with biomass use conventional 

combustion technologies and would apply post-combustion capture. While pre-

combustion capture offers better separation efficiency, post-combustion capture is 

still regarded as a better CO2 separation method compared to traditional 

techniques such as chemical absorption. 

Regardless of the material composition, membranes need to have good 

thermal and chemical robustness along with good resistance to plasticisation and 

aging (Scholes et al., 2008). Those properties, combined with affordable 

manufacturing processes, ensure the cost-effective durability of the membrane. 

Although some materials may offer the purest quality of CO2, the greenhouse 

industry has easy and affordable access to polyethylene and polycarbonate 

materials. Silicon membranes have also shown interesting diffusion properties in 

post-harvest storage of produce, an industry similar and close to the greenhouse 

industry (Stewart et al., 2005). Additional research needs to determine the 
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permeation rate and selectivity to CO2 of these particular materials. Given that 

those membranes are commercially available, they could offer interesting 

application possibilities for CO2 separation from flue gas. 

Issues to take into consideration are the accumulation of condensable 

vapour within the membrane matrix resulting in lower permeability and 

selectivity, as well as undesirable gases, such as CO, NH3, H2S, SOx and NOx, 

which can degrade the material prematurely (Scholes et al., 2008). Fine 

particulates may also accumulate on the membrane and block membrane pores. 

Limited research has been performed on the effect of these gases and particulates 

on membranes in terms of performance impacts, premature aging and 

maintenance requirements. Additional experiments could help in evaluating the 

durability and feasibility of this technology for greenhouse CO2 enrichment.  

 

2.6 Future research development 

CO2 enrichment from exhaust gas of biomass heating system has yet to 

overcome certain technical challenges. Concretely, future development could be 

divided in different research objectives: 

- There is a wide range of usable types of biomass such as wood residues, 

grasses, agricultural residues, and municipal wastes, which can be used in 

the form of chips or pellets. Greenhouse residues re-used for CO2 

enrichment should be investigated as well. More research should look at 

their respective emissions, when used in combustion or close-coupled 

gasification heating systems.  

- Currently, most large scale greenhouses that heat with biomass use 

combustion technology fuelled with wood chip. In order to maintain a link 

with direct commercial applications, research should continue exploring 

membrane separation of CO2 for this particular application. Gasification is 

also a promising technology and should continue to be developed for large 

scale biomass combined heat and power.  



41 

- Post-combustion emission removal methods, such as wet scrubbing with 

catalysts to produce fertilizers, membrane separation of CO2 or a 

combination of both, should be further developed and tested according to 

the biomass fuel used. 

- Using water buffers for excess heat storage is usually recommended with 

biomass heating systems (Stritih and Butala, 2004; The Carbon Trust, 

2009). Most of the research on thermal storage has been applied for solar 

energy systems (Hasnain, 1998). There is a need for thorough peer 

reviewed literature review on thermal storage applied for biomass heating 

systems to increase efficiency.  

- Finally, data accumulated from different case studies should give enough 

information to complete a thorough comparative life-cycle analysis. CO2 

enrichment from biomass, fossil fuels and liquid CO2 could be compared 

according to their common primary functions of supplying both heat and 

clean CO2. Results and estimates could then be analyzed in terms of 

potential economic and environmental impacts. 
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2.7 Conclusion 

Research on CO2 enrichment from biomass can be subdivided in four 

directions:  

1. Source and type of biomass 

2. Thermo-chemical processes for heat and CO2 production 

3. Post-combustion emission removal methods 

4. Optimal CO2 enrichment management strategies 

Supplementing CO2 to a greenhouse from the exhaust of a biomass heating 

system could help improve the overall carbon footprint of greenhouse operations. 

Further research needs to be performed to optimize safe and clean CO2 

enrichment practices from biomass fuels. Optimal management practices reduce 

fuel consumption and increase enrichment benefits. By improving boiler 

efficiency, whether through combustion or gasification with syngas combustion, 

fewer VOCs and particles would be produced. Currently available scrubbers can 

clean NOx and SOx and could produce ammonium sulphate fertilizers to be used 

directly in a greenhouse. Additionally, membrane separation techniques could be 

very efficient in preventing fine particles and undesirable gases to be diffused into 

the greenhouse while keeping a CO2 enriched greenhouse safe for workers. This 

research project addresses primarily the second research direction on CO2 

enrichment from biomass, by investigating CO2 enrichment from biomass 

gasification. The first and third directions are also approached through the use of 

sawdust wood pellets as biomass type and the measurement of exhaust gas 

compounds to recommend emission remediation methods. 
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Connecting Statement 

 

The literature review from Chapter 2 addressed the various aspects of 

research on CO2 enrichment from biomass heating systems. Chapter 3 focuses on 

several of these aspects, by examining the performance of a pilot scale gasifier to 

estimate the CO2 production rate from sawdust wood pellets, while identifying the 

characteristics of the system that would affect CO2 enrichment operations. 
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Chapter 3: A performance assessment of a downdraft gasifier to 

produce CO2 for greenhouse enrichment from renewable fuels 

 

3.1 Abstract 

 

Biomass gasification could benefit the greenhouse industry by supplying 

both heat and carbon dioxide (CO2) for enrichment. The objective of this research 

project was to monitor the performance of a downdraft gasifier to estimate the 

useable CO2 production rate for enrichment per unit of biomass, while identifying 

the characteristics of the system that would affect CO2 enrichment operations. 

Biomass gasification technology was selected, since it offered lower emissions 

and better control, when compared to direct combustion. Gasification is a thermo-

chemical reaction, which converts solid biomass into a gaseous fuel, known as 

syngas. Experiments were performed at McGill University (Montreal, QC, 

Canada) using a downdraft gasifier to monitor its performance, with sawdust 

wood pellets as feedstock. Temperature and pressure monitoring provided 

valuable insights on optimal gasification temperatures, biomass fuel depletion in 

the reactor, ash grate shaking requirements, micro-explosions detection, char bed 

packing and pressure drop across the packed bed filter. The gasifier operated with 

an estimated average equivalence ratio (the actual air to fuel ratio relative to the 

stoichiometric air to fuel requirement) of 0.17, below the optimal value of 0.25, 

and achieved a cold gas efficiency of 59%. From the empirical data, the gasifier 

operating with sawdust wood pellets could provide a maximum of 22.9 kW of 

thermal energy and could theoretically enrich a maximum of 1540 m
2
 of 

greenhouse surface area. Results indicated that biomass, following combustion or 

gasification, could provide more CO2 for greenhouse enrichment than propane or 

natural gas per unit of energy. 
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Table 3.1 – Nomenclature 

A greenhouse surface area m
2
 

 A/F actual actual dry air to fuel ratio  

 A/F stoich stoichiometric dry air to fuel ratio  

ER equivalence ratio  

hg latent heat of steam kJ / kg 

HHV higher heating value kJ / kg fuel 

i element i (C, H, N, O or S)  

j compound j (CO2, N2, O2)  

LHV lower heating value kJ / kg fuel 

MC moisture content % 

Mi molecular mass of element i  kg of i / kmole 

Mj molecular mass of compound j kg of j / kmole 

m biomass solid biomass consumption rate kg / hr 

mCO2  mass of emitted CO2 per kg of dry fuel kg CO2 / kg fuel 

m CO2  CO2 mass flow rate kg / hr 

m syngas syngas mass consumption rate kg / hr 

mO2  stoichiometric oxygen requirement kg O2 / kg fuel 

 η
b
 heat exchanger efficiency % 

η
CG

 gasification cold gas efficiency % 

ρ
air

 air density kg / m
3
 

Q
air in

 gasifier reactor air intake volumetric flow rate m
3
 / hr 

Q
syngas

 syngas volumetric flow rate m
3
 / hr 

x number of carbon molecules  

Xi  mass fraction of element i  kg of i / kg fuel 

y number of hydrogen molecules  

Yj volume fraction of compound j  % 
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3.1 Introduction 

The horticulture industry has not been spared in addressing issues of air 

pollution, waste disposal and energy efficiency. In northern climates, the high 

thermal energy requirements stimulate greenhouse operators to consider 

sustainable energy sources to reduce their dependence on fossil fuels for both 

economical and environmental reasons. Greenhouse producers must successfully 

balance energy efficiency through structural or fuel saving techniques, while 

keeping the plants growing conditions optimal in order to compete with ever 

changing and challenging international markets. Heating of large surface can be 

technically difficult for some renewable sources of energy, but biomass heating 

has proven to be an economically viable option (Chau et al., 2009). Biomass 

heating technology is readily available and has been recognised as a sustainable 

renewable fuel alternative that can reduce greenhouse gas production (Petersen 

Raymer, 2006). Considering that biomass combustion releases, at most, the same 

amount of carbon dioxide (CO2) that was absorbed via photosynthesis in the 

plant’s life cycle, the technology is thus considered carbon neutral (Basu, 2010). 

Biomass combustion technologies are well established, but gasification is 

showing a lot of promise, both in research and commercial applications, to 

achieve high efficiency and cleaner energy production (Quaak et al., 1999; 

McKendry, 2002b; Basu, 2010). Gasification is a thermo-chemical reaction that 

differs from combustion by being under partial oxidation, thus converting the 

material into a gaseous fuel. In its raw form, the gas is known as producer gas and 

can be used for power and heat production. Once removed of its impurities, the 

gas is referred as a synthesis gas, which can be further converted into chemicals or 

liquid fuels (McKendry, 2002b). For the sake of this research, the term syngas is 

used in reference to the producer gas. Since a gaseous fuel is burned instead of a 

solid fuel, a gasification system allows biomass heating to be cleaner and easier to 

control, than direct combustion systems (Reed et al., 1988; Quaak et al., 1999; 

Whitty et al., 2008). In addition, it is possible to further reduce the carbon 

footprint of a biomass gasifier heating system by injecting the CO2 from the 

exhaust gas into a greenhouse. CO2 enrichment is a common practice to enhance 
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photosynthesis resulting in improved yields from 21 to 61% in dry mass 

(Mortensen, 1987; Chalabi et al., 2002). Greenhouse crops benefit from an 

increase in CO2 concentration varying between 700 to 1000 ppm (Mortensen, 

1987; Critten and Bailey, 2002). Enrichment can be performed with pure CO2, or 

from dedicated natural gas or propane burners (Hicklenton, 1988). CO2 

enrichment from the exhaust of a natural gas or propane heating system is also 

currently feasible, but using renewable energy will improve the sustainability of 

the greenhouse operation. The recommended dose is to inject 5.6 g CO2/(m
2
∙hr) to 

reach the optimal CO2 concentration of 1000 ppm (Hicklenton, 1988). Pure 

liquefied CO2 tanks have a capacity that ranges from 20 kg to 52,000 kg and are 

able to supply CO2 at the desired rate of application. Small burners consume 1 kg 

of propane to produce about 3 kg of CO2, while natural gas provides 2.1 kg of 

CO2 per kg (Hanan, 1998).  

This research follows the hypothesis that biomass gasification could 

provide a sustainable and viable replacement to conventional CO2 production 

technologies for enrichment in greenhouses. This project aims at monitoring the 

performance of a small downdraft gasifier (10 to 100 kW) to estimate the useable 

CO2 production rate for enrichment per unit of biomass, while identifying the 

system’s characteristics that would affect CO2 enrichment operations. 

 

3.2 Literature Review 

3.2.1 Feedstock: 

Biomass as a solid fuel occurs in a myriad of shapes and composition 

coming from wood residues, dedicated energy crops, agricultural residues, animal 

waste, or municipal waste. Solid biomass with moisture content below 50% is 

considered for thermo-chemical processes such as combustion, gasification or 

pyrolysis. Typical properties to assess the thermal conversion potential of biomass 

are moisture content, ash content, volatile matter content, elemental composition, 

heating value, bulk density and particle size and shape.  
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Biomass moisture content has significant impacts on combustion and 

gasification efficiency. For instance, combustion performs at 78.9% efficiency 

with biomass at 20% moisture (dry basis), and at 61.1% efficiency, for 60% 

moisture content (Reed et al., 1988). Moreover, high moisture affects syngas 

quality by reducing the production rate and increasing the tar content.  

Ash content also varies according to the source of biomass (from 0.1% to 

17.6%) and can be of concern depending on its composition and quantity (Reed et 

al., 1988). The most common elements found in ash of biomass fuels are Si, Ca, 

Mg, K, Na and P (Van Loo and Koppejan, 2008). The performance of a biomass 

heating systems can be affected due to ash melting under high temperature, 

leading to slagging, which is an agglomeration of melted minerals from the ash 

(Quaak et al., 1999).  

Compared to other solid fuels, biomass has very high volatile matter 

(VM), up to 80%, which makes it ideal for gasification (Quaak et al., 1999). The 

VM can be determined by standard methods by heating the biomass at a given 

temperature and a given rate in a controlled environment (Basu, 2010). The 

amount of condensable and non-condensable vapours that is released in the 

process is defined as VM. The fixed carbon (FC) is then the fraction of the 

feedstock that remains once moisture, VM and ash are subtracted from the 

original feedstock mass. However, FC is not necessarily a fixed value as it is 

dependent on VM, which can also vary according to the temperature and the 

heating rate of the thermo-chemical process, whether it is gasification or pyrolysis 

(Basu, 2010).  

Ultimate analysis provides the chemical composition (carbon, hydrogen, 

oxygen, nitrogen, sulphur, ash, etc.) of the dry fuel on mass fraction basis, which 

is used to estimate the heating value and the potential CO2 emissions of fuel 

combustion. Some contaminants present in biomass include sulphur, which can 

contribute to sulphur oxide (SOx) emissions, but is most often found in low 

quantity (0.01% to 2%) for a large variety of solid biomass sources (Reed et al., 

1988). Similarly, wood usually contains very low amounts of chlorine, while it 
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can be found in higher concentrations in grasses such as miscanthus, switchgrass 

and straw (Van Loo and Koppejan, 2008).  

The heating value, or calorific value, is defined by the amount of thermal 

energy by unit of fuel mass or volume that is released after combustion has 

occurred and the flue gas has returned to a temperature of 25°C (Basu, 2010). The 

heating value is expressed by two values. The higher heating value (HHV or gross 

calorific value) is the maximal amount of heat that can be recovered from a fuel, 

including the latent heat from water vapour. The lower heating value (LHV or net 

calorific value) excludes the energy loss used for the vaporization of water and 

makes it a more conservative measure to use (Basu, 2010).  

Biomass density and bulk density (kg/m
3
) are important properties 

indicating the fuel energy density (MJ/kg) and relating to transport and storage 

costs (McKendry, 2002a). Solid biomass has a wide range of bulk density values, 

between 80 to 680 kg/m
3
 (Reed et al., 1988). Biomass densification into pellets, 

brickets or cubes is common and viable to increase biomass energy content while 

reducing shipping and storage costs (Mani et al., 2006). The type of densified 

biomass for gasification also has an impact on gasification performance. It has 

been observed that wood pellets produced richer syngas and obtained higher 

gasification efficiency than pellets made of sugar cane bagasse or empty fruit 

bunch (oil palm waste) (Erlich and Fransson, 2011). Additionally, the size of 

densification can impact gasification as it was observed that 8 mm diameter 

pellets run more efficiently than 6 mm diameter pellets due to better flow 

properties (Erlich and Fransson, 2011).  

Particle size and shape is important to forecast the ease or difficulty of 

biomass movement in a system (Reed et al., 1988). Some biomass feedstock may 

be more prone to channelling and bridging in the feeder and the reactor, or to 

plugging of the gasifier core, all of which will impair the stability of gasification. 

Fuel uniformity is preferred, but methods of stirring or shaking the reacting 

biomass bed may be implemented (Reed et al., 1988). Overall, the fuel properties 

such as morphology, bulk density and angle of repose can be causes of bridging, 
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which affects the normal pressure drop and gas flow in a gasification reactor 

(Quaak et al., 1999).  

 

3.2.2 Gasification 

Gasification is a thermo-chemical reaction that occurs with partial biomass 

oxidation under high temperatures, converting the biomass into a gaseous fuel. 

Gasification uses heat to store energy into the chemical bonds of the gaseous fuel 

compounds while combustion releases this energy as heat. Depending on the 

gasifier design, the gas composition usually contains hydrogen (H2, 12-20%), 

carbon monoxide (CO, 17-22%), methane (CH4, 2-3%), CO2 (9-15%), water 

vapour (H2O), nitrogen (N2) and tar vapours (Reed et al., 1988; Quaak et al., 

1999; McKendry, 2002b). In general, air is used as an oxidizing agent, which 

results in a raw gas, syngas in reference to producer gas, containing impurities. 

When impurities are removed or when pure oxygen is used instead of air, the 

resulting gas is known as synthesis gas, composed of CO and H2. Syngas is 

typically used for power and heat production, while synthesis gas can be 

converted into more complex chemicals or liquid fuels. The calorific value of 

syngas is usually around 4-6 MJ/m
3
 when using air, while it can reach 12-20 

MJ/m
3
 with pure O2 (McKendry, 2002b). Oxidizers can be mixed with steam as 

the catalyst of the reaction. The oxidizer selection will impact the syngas final 

composition (Puig-Arnavat et al., 2010).  

Gasification technologies predate the 19
th
 century and were first developed 

for industrial heat and power (Reed et al., 1988). Throughout the two World 

Wars, as some European countries were scarce on petroleum liquid fuels, close to 

a million automobiles, as well as boats, trains and electric generators were 

operating with compact gasifier systems (Reed et al., 1988; Quaak et al., 1999). 

Interest for gasification re-emerged during the 70’s energy crisis and during the 

first decade of the 21
st
 century with growing concerns over fluctuating fossil fuel 

prices, energy independence, energy security, air pollution, renewable and 

sustainable energy sources, etc.  
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The common process of gasification is a combination of four reactions 

including drying, pyrolysis, combustion and reduction (Figure 3.1).  

Gasification is always initiated from the controlled combustion zone, 

sometime called oxidation zone, of a reactor. This combustion provides the 

necessary heat (up to1400°C) to the overall process and quickly depletes most 

oxygen from the reactor. It also generates CO2 and H2O. 

As it is fed to the reactor, the first zone that the biomass feedstock reaches 

is the drying zone. In the drying zone, water is vaporized until 200°C is reached 

where biomass starts volatilizing.  

As the temperature increases in the absence of air, the biomass enters the 

pyrolysis zone. At this step, the larger and complex molecules of the organic 

material break down into smaller compounds to form solids (char), liquids (tar, 

heavier hydrocarbons) and gases (H2, CH4, CO2, H2O, CO, volatile organic 

carbons VOCs).  

The production of syngas occurs in the reduction zone, which is also 

addressed as the gasification zone. Reduction takes place next to the combustion 

zone and involves several reactions between the hot char and the gases in the 

reactor. Principally, CO2 and H2O from the combustion zone are reduced of one 

oxygen atom to form CO and H2. Other products of the reduction zone reactions 

include CH4, CO2 and H2O. The energy balance of reduction is endothermic and 

occurs between 700°C to 1000°C. Ideally, the reduction zone should reach 

temperatures over 850°C to ensure tar cracking and destruction of aromatic 

hydrocarbons (Reed et al., 1988).  



56 

 

Figure 3.1 – Schematic of gasification zones and gas and biomass flows for 

Updraft, Downdraft and Crossdraft gasifiers (Basu, 2010) 

 

There are many conventional designs for gasification of biomass such as 

fixed bed and fluidized bed types (Basu, 2010). The common fixed bed reactors 

are shown in Figure 3.1. They differ essentially due to the syngas flow in the 

system, including downdraft, updraft and crossdraft. These flow patterns affect 

the order at which the biomass feedstock undergoes the four main gasification 

reactions. 

Updraft gasifiers are operated with air flow moving counter current to the 

feedstock flow. They are more common for larger scale thermal energy 

production of 1 to 30 MW and benefit from a turn-down ratio of 5 to 10. A high 

turn-down ratio is advantageous since it represents the ability of a heating system 

to operate at a fraction of its maximal power output without losing much 

efficiency or depreciating equipment prematurely. Updraft gasifiers can 

accommodate fuels with higher moisture content (60% max, wet basis) and ash 

content (25% max, dry-ash basis) (Quaak et al., 1999). However, the tars 

produced from the pyrolysis zone do not move through the reduction and 

combustion zone. Therefore, the syngas tar content is much higher, varying 

between 30 to 150 g/m
3
 (Basu, 2010). For direct heating applications, updraft 

gasifiers become advantageous since the tars increase the gas heating value and 

the resulting gas is burned directly after being produced (Reed et al., 1988). 
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Downdraft gasifiers are operated with air flow moving along the biomass 

flow. The most common design type is the Imbert style gasifier used for nearly a 

million vehicles worldwide in the early 20
th

 century (Reed et al., 1988). Their 

application range is from 10 kW up to 1 MW due to their intrinsic core design. As 

seen in Figure 3.1, downdraft gasifiers have a V-shaped narrow constriction at the 

reactor core. The role of this core is to create a high temperature zone (over 

850°C) in which all pyrolysis products move through, thus enabling tar cracking. 

This results in the production of syngas with very low tar content from 0.015 to 

3.0 g/m
3
 (Basu, 2010). Air, or the oxidizer gas mixture, is supplied directly on top 

of the core from nozzles located along the circumference. The core diameter is a 

key indicator of the syngas production rate (Reed et al., 1988). Theoretically, the 

maximum syngas production rate of an Imbert gasifier was observed to be 0.9 m
3
 

per cm
2
 of cross-sectional area at the core constriction per hour (0.9 m

3
/(h∙cm

2
)), 

as reported by Reed et al. (1998). This design is limited in scalability since the 

larger the diameter, the more difficult it becomes for air coming from the nozzles 

to reach the center of the core. Larger core diameters reduce homogeneity of the 

combustion and reduction zones (Reed et al., 1988). Along with their limited size, 

they work optimally with feedstock of lower moisture content (25% max, wet 

basis), ash content (6% max, dry-ash basis) and turn down ratio (3 to 4) (Basu, 

2010). The gas flow is usually generated by operating the gasifier under negative 

pressure (Reed et al., 1988). To work under positive pressure, a downdraft gasifier 

uses a blower but increases risks of leaking CO. On the other hand, working in 

vacuum can let small amount of air inside the gasifier, which can lead to small 

explosions, observed by sudden and short instances of high positive pressure 

peaks (Reed et al., 1988). Nonetheless, gasifier reactors are usually built with 

material that can sustain very high pressures (Reed et al., 1988). In short, the low 

tar content in the syngas makes downdraft gasifiers ideal for internal combustion 

engines. 

Crossdraft gasifiers have similar biomass properties requirements as 

downdraft gasifiers. Their range of application varies from operating at small 

scale to large scale and producing low tar syngas (0.01 to 0.1 g/m
3
). They are used 
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mostly for charcoal gasification, which can lead to very high temperatures 

(>1500°C) and thus create potential problems on material unable to sustain such 

temperatures (Quaak et al., 1999).  

Fluidized bed gasifiers operate with a reusable granular solid in a semi-

suspended state maintained by the intake air flow velocity. As the biomass is 

mixed in the fluidized-bed, the temperature is more uniformly distributed amongst 

the reactor thus optimizing heat and mass transfer (Reed et al., 1988; Basu, 2010). 

Fluidized bed gasifiers also generate tars at a level around 10 g/m
3
, between the 

performance of updraft and downdraft gasifiers (Basu, 2010). This makes 

fluidized bed gasifiers advantageous and energy efficient for large scale 

applications, although the added complexity of the system usually increases 

investment and maintenance costs.  

Overall, gasification coupled with syngas combustion for heat and power 

can achieve high efficiency and is recognised to make biomass heating cleaner 

and easier to control, compared to direct combustion of solid fuels (Reed et al., 

1988; Quaak et al., 1999; Whitty et al., 2008). Updraft or fluidized-bed gasifiers 

are appropriate for heating large scale greenhouses requiring over 1MW of 

thermal power. The potential use of their exhaust gas CO2 would be determined 

by the quality and efficiency of the boiler. Additional emission cleaning systems 

and dilution would most likely be required for this application due to the large 

scale of these heating systems. On the other hand, downdraft gasifiers, due to their 

low tar content, could function as dedicated CO2 production units for greenhouse 

enrichment. Greenhouse crop residues could even be fed to these small units to 

produce CO2 and heat.  

Before examining the performance of syngas combustion, it is important to 

assess the downdraft gasifier operation and characteristics that would affect its 

performance as a CO2 enrichment device. Therefore, this research aims at 

investigating the theoretical CO2 enrichment potential of a gasifier as well as 

setting up and operating a pilot unit for this application.  
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3.2.3 Thermodynamics of combustion and gasification 

Since combustion and gasification reactions differ mainly by their level of 

oxidation, the equivalence ratio (ER) determines the actual oxygen (or air) to fuel 

ratio relative to the stoichiometric oxygen (or air) to fuel requirements. In both 

systems, the actual input of oxidizer will affect the syngas composition and 

reaction temperature. The stoichiometric air to fuel ratio is the theoretical mass of 

air required for complete combustion of a unit of mass of fuel (Basu, 2010). The 

stoichiometric oxygen requirement (mO2) follows the basic combustion equations 

and depends on the ultimate analysis of the fuel normally expressed by mass (De 

Nevers, 2000). 

 CxHy+  x+
y

4
 O2 x CO2+

y

2
H2O (1) 

The mass of O2 needed per kg of fuel is calculated based on (Van Loo and 

Koppejan, 2008): 

 mO2  
kg O2

kg fuel
    XC

MO2

MC
 + 
XH

4

MO2

MH
 +  XS

MO2

MS
 -  XO (2) 

where 

Mi  
kg of i

kmole
  : molecular mass of element i (C, H, S or O) 

Mj  
kg of j

kmole
  : molecular mass of compound j (CO2 or O2) 

Xi  
kg of i

kg fuel
  : mass fraction of element i from fuel ultimate analysis (C, H, S or O) 

The mass fraction of oxygen subtracted in Equation 2 refers to the amount 

of oxygen present in the biomass. The stoichiometric dry air to fuel ratio 

( A/F stoich) required is then computed as follows (Van Loo and Koppejan, 2008): 

  A/F stoich  
kg air

kg fuel
    mO2+ mN2   mO2 + mO2

YN2

YO2

MN2

MO2

 (3) 

where 

Yj  %   :  volume fraction of compound j in air (O2 or N2) 

Subsequently, ER can be determined with this ratio: 

 ER   
 A/F actual

 A/F stoich
  (4) 
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Typical equivalence ratio for gasification is ER = 0.25, while combustion 

would be specified by ER   1 and pyrolysis, by ER   0 (Reed et al., 1988). Based 

on typical biomass carbon ratios (dry and ash free basis) of CH1.4O0.6, the 

 A/F actual = 1.5 for gasification and combustion is indicated by  A/F actual = 6.25 

while pyrolysis is still expressed by  A/F actual  0 (Reed et al., 1988). Depending 

of the feedstock, the ER range is typically between 0.20 and 0.45 (Erlich and 

Fransson, 2011). It must be noted that some authors report fuel to air ratios (F/A), 

rather than air to fuel (A/F) (Littlejohn et al., 2010). It also influences their 

definition of equivalence ratio, which gives reversed values to the ones previously 

stated. For this research, ER is defined according to Equation 4.  

The biomass heating value can be determined experimentally by standard 

procedures using a bomb calorimeter. It can also be estimated using empirical 

correlations using the mass % of compounds from the feedstock ultimate analysis. 

Many correlations exist, but the following is based on 15 correlations and 50 

solid, liquid and gaseous fuels (Equation 5) (Basu, 2010).  

 HHV  
kJ

kg fuel
    349.1 ∙ XC + 1178.3 ∙ XH + 100.5 ∙ XS - 103.4 ∙ XO - 15.1 ∙ XN - 21.1 ∙ Xash  (5) 

The LHV is determined with the following relationship which considers 

the fuel mass % of hydrogen (XH), the fuel moisture content (MC in %) and the 

latent heat of water vapour (hg = 2260 kJ/kg) (Basu, 2010). 

 LHV  
kJ

kg fuel
    HHV - hg  

9∙XH

100
 + MC  (6) 

The syngas heating value depends on its volumetric % composition of H2, 

CO and CH4, and can be determined according to the heating values of each 

compound (Table 3.2). 

Table 3.2 – High heating value (HHV) and low heating value (LHV) of syngas 

combustible compounds (Reed et al., 1988) 

Component Symbol HHV (MJ/m
3
) LHV (MJ/m

3
) 

Hydrogen H2 13.2 11.2 

Carbon Monoxide CO 13.1 13.1 

Methane CH4 41.2 37.1 
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Common theoretical LHV for moisture and ash free solid biomass is 20.4 

MJ/kg, while typical LHV for syngas is around 5.5 MJ/kg or 5.8 MJ/m
3
 (at 20°C 

and 101.325 kPa) when air is used as oxidizer. The heating value of syngas 

increases as the nitrogen content of air decreases. In combination with LHV, the 

measured solid biomass consumption rate of a boiler (m biomass) or the syngas flow 

rate output of a gasifier (m syngas) give the power output of both biomass heating 

systems. The efficiency of the heat exchange ( η
b
) can therefore determine the 

actual heat delivered to the greenhouse.  

Flue gas carbon dioxide for CO2 enrichment can be estimated according to 

the carbon content of the solid biomass or syngas. Assuming complete 

combustion of either fuel, the mass of emitted CO2 per kg of dry fuel is: 

 mCO2  
kg CO2

kg fuel
    XC

MCO2

MC
   (7) 

By using           or          in kg/hr, one can estimate the CO2 output 

useable for enrichment and compare with other enrichment systems.  

 m CO2  
kg CO2

hr
     m

CO2

 ∙  m biomass or syngas    (8) 

Gasification efficiency is expressed as cold gas efficiency (η
CG

, Equation 

9), which calculates the energy contained in syngas over the potential energy from 

the solid fuel (Basu, 2010).  

 η
CG
   

LHVsyngas ∙ m syngas

LHVbiomass ∙ m biomass
 (9) 

Additionally, if the heating unit size is predetermined, the potential 

greenhouse surface area that can be enriched can be found using the 

recommended CO2 injection rate of 5.6 g/(m
2
∙hr).  

 A  m2      
m CO2

0.0056kg CO2

m2∙hr

    (10) 

In summary, CO2 production for greenhouse atmosphere enrichment from 

a biomass heating system can be estimated once the ultimate analysis of the fuel is 

known along with the system fuel consumption rate. In conjunction with this 

method, it is possible to further improve the sustainable practices of a greenhouse 

by using the accumulated plant residues and biomass waste as the source of heat 

and useable CO2. 
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3.4 Materials & Method 

3.4.1 Experimental setup 

An Imbert style downdraft gasifier was selected for lab-scale experiments 

(Figure 1.1). The Gasifier Experimenters Kit (GEK) developed by All Power Labs 

(Berkeley, CA, USA) is based on the Imbert design, which proved reliable at 

producing syngas with low tar content (Reed et al., 1988; All Power Labs, 2010). 

This gasifier was selected for its affordability and flexibility in terms of potential 

modifications, instrumentation and uses, promoted by the open source philosophy 

of their developers, All Power Labs. The reactors dimensions are shown in Figure 

3.2. From the reactor core diameter (7.62 cm) and using Reed et al. (1988) 

Handbook of Biomass Downdraft Gasifier Engine Systems, the maximal wood 

consumption rate of this system is 18.86 kg/hr, the maximal syngas output is 

41.34 m
3
/hr and the minimal output is 4.81 m

3
/hr. The GEK swirl burner was 

placed inside the combustion chamber of a forced-air furnace (Superior Bio-mass 

Furnace, Ja-Ran Enterprises Inc., Lexington, MI, USA) where syngas was 

allowed to burn (Figure 3.3). The setup facilitated the flue gas flow of syngas 

combustion to be directed into the furnace chimney, where representative exhaust 

gas measurements were taken. The setup also allowed for future heat recovery 

using the furnace air-to-air heat exchanger. 
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Figure 3.2 – Schematic and dimensions (provided in inches) of the downdraft 

gasifier reactor (courtesy of All Power Labs, 2010)  

 
Figure 3.3 – Schematic of the gasifier coupled with the forced-air furnace. 

Compounds include: 1. three ports: Ignition, Air inlet, Instrumentation – 2. 

Reactor – 3. Ash grate – 4. Support legs – 5. Cyclone – 6. Packed bed filter – 

7. Ejector venturi – 8. Swirl burner – 9. Furnace combustion chamber – 10. 

Furnace fuel inlet for direct combustion only – 11. Furnace blower for heat 

exchanger – 12. Air-air heat exchanger – 13. Chimney (GEK schematic 

courtesy of All Power Labs)  
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The GEK functioned under negative pressure (suction operation), which 

was driven by the ejector venturi before the swirl burner. Compressed air was 

provided to the ejector by a compressor with a capacity of 19.4 m
3
/hr at 275 kPa 

and 15.3 m
3
/hr at 620 kPa (manufacturer recommendations were 10-14 m

3
/hr at 

about 620-830 kPa). A needle valve, connected before the ejector, allowed to 

manually control the compressed air flow and therefore to operate the gasifier 

under negative pressure. Two water filled U-tube manometers served as a direct 

visual output of the gasifier operating conditions. One was connected to the 

bottom of the reactor core (P_core) and the second, at the top of the packed-bed 

filter (P_filter). All Power Labs previous experiences helped to identify the 

optimal vacuum condition for P_core to obtain an ideal core temperature over 

850
o
C along with corresponding air intake flow rates when using wood pellets 

(Table 3.3). They produced the following empirical relationship which was only 

valid for the GEK using wood pellets (All Power Labs, 2010): 

 Q
air in

 
m3

hr
    2.4207 ∙  Vacuum Pressure inH2O  0.5227 (11) 

Table 3.3 – GEK performance according to vacuum pressures from 

manufacturer recommendations (All Power Labs, 2010) 

Vacuum Vacuum Air Intake Performance 

Pressure Pressure Flow rate Condition 

(inH2O) (kPa) (m
3
/hr) 

 10 2.49 8.1 Over pull 

8 1.99 7.2 Maximum 

6 1.49 6.2 Good 

5 1.25 5.6 Ideal 

4 1.00 5.0 Good 

2 0.50 3.5 OK 

1 0.25 2.4 Minimum 

0 - 1 0 – 0.25  Under pull 

 

The syngas mass flow rate was estimated by adding the air intake mass 

flow (extrapolated from Table 3.3 and using ρair = 1.205 kg/m
3
) with the volatile 

fraction of the biomass consumption rate (estimated at 80%). 

 m syngas  
kg syngas

hr
     Q

air in
 
m3

hr
  ∙ ρ

air
 + 80% ∙ m biomass  

kg

hr
  (12) 
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The first gas conditioning system was a cyclone attached directly to the 

exit of the reactor, which helped to collect particles and tars droplets. Cyclones 

are usually recognised to catch particle sizes as small as 5 μm at up to 80% 

efficiency (Van Loo and Koppejan, 2008). Next to the cyclone was a standard 61 

L (16 US gal) drum, which acted as a packed bed type filter. The drum was filled 

with standard barbecue charcoal of various sizes going from larger (1-2 cm) to 

finer (sawdust grain size), upward along the height of the bin. Research has shown 

that a 15 cm deep container packed with material of 1.3 cm can capture 50% of 

2.5 μm droplets from a gas depending of its velocity (Reed et al., 1988). 

Compared to these dimensions, All Power Labs increased the packed bed filter to 

accommodate an available standard drum size (61 L), thus offering a conservative 

tar collection performance.  

 

3.4.2 Instrumentation 

A Gasifier Control Unit (GCU) was developed by All Power Labs 

(Berkeley, CA, USA) to read and datalog the GEK instruments and control 

devices. All data were recorded in real time in a Toughbook laptop (CF-29, 

Panasonic, Kadoma, Osaka, Japan). An array of chromel-alumel (type K) 

sheathed thermocouples was installed at strategic locations on the gasifier and 

connected to the GCU (Table 3.4 and Figure 3.4). The 11 thermocouples were 

calibrated, in boiling water (100°C) and an iced bath (0°C), three times during the 

project (drift was less than 1%).  
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Table 3.4 – Nomenclature and description for thermocouples and for 

temperature sensors of the portable analyzer 

Nomenclature Description 

(T1) T_core Reduction zone at the reactor core (150 mm from the 

bottom of the reduction bell, seen in Figure 3.2) 

(T2) T_combustion Combustion zone (220 mm from the bottom of the 

reduction bell) 

(T3) T_1 First intermediate point between reactor core and top 

(300 mm from the bottom of the reduction bell) 

(T4) T_2 Second intermediate point between reactor core and top 

(400 mm from the bottom of the reduction bell) 

(T5) T_top Top of the reactor (480 mm from the bottom of the 

reduction bell) 

(T6) T_bottom Below the reduction zone 

(T7) T_cyclone Exit of the reactor before the cyclone 

(T8) T_syngas Top of the packed bed filter beside syngas sampling port 

(T9) T_flame Temperature of the burner material 

(T10) T_ambient Ambient temperature 

(T11) T_flame2 Temperature in the flame 

(T12) T_amb Portable Analyzer ambient temperature measurements 

(T13) T_stack Portable Analyzer exhaust gas temperature  

 

Four ports were installed on the gasifier to measure pressure, additional to 

the U-tube water manometer. Tubes of 6.35 mm inner diameter connected the 

pressure ports to the differential gauge pressure transducer of the GCU.  

Table 3.5 - Nomenclature and description for pressure sensors 

Nomenclature Description 

(P1) P_comb Combustion zone 

(P2) P_top Top of the reactor 

(P3) P_filter Top of the packed bed filter 

(P4) P_bottom Below the reduction zone  

 

A scale was used to weigh wood pellets before every filling. The amount 

of wood pellet consumed during gasification was obtained by measuring the mass 

of wood pellets when refilling the reactor after an experiment. The mass added to 

the reactor was the mass consumed previously. This mass was divided by the 

duration of the experiment to determine the consumption rate (         ). 

Compressed air injection was monitored with two pressure gauges of 700 kPa and 
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two versa-mount dial-indicating flow meters of up to 42.5 m
3
/hr. The TESTO 335 

portable analyzer (Testo Inc., Lenzkirch, Germany) was used to measure CO, O2, 

NO, NO2 and SO2,and to give calculated estimates of CO2 and NOx. The analyzer 

provided additional values for ambient and stack temperatures. The syngas 

sampling port was positioned at the top of the drum filter (point (B), Figure 3.4), 

before the ejector venturi, while the exhaust gas sampling port was connected 

through the chimney (point (A), Figure 3.4). 

 

Figure 3.4 – Instrumentation schematic of the gasifier coupled with the 

forced-air furnace ((P1) to (P3): pressure sensors – (T1) to (T13) temperature 

sensors - (A): Exhaust gas sampling port – (B): Syngas sampling port) 

 

3.4.3 Feedstock 

Premium quality wood pellets were supplied by Energex Pellet Fuel Inc. 

(Lac-Mégantic, QC, Canada). They were fabricated from hardwood sawdust and 

contained less than 1% ash. Bulk density of the feedstock was approximately 700 

kg/m
3
 with a particle density of 1055 kg/m

3
. Particle diameter was approximately 

6.5 mm with an average length of 16 mm, varying between 8 and 24 mm. The 

moisture content of the sawdust wood pellets was 7%. 
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3.4.4 Methodology 

For safety reasons, the gasifier, the forced-air furnace and all instruments 

were operated outdoors. All components were mounted on a skid for ease of 

transport. The gasifier was operated in batches of one hour, permitting time for 

gas analysis on the same day and cool down of the reactor.  

The gasifier operation was repeated according to the following sequence. 

Excess ash was removed below the grate of the reactor. The inside of the reactor 

was inspected for bridging or clogging of char pellets bed at the core that may 

have occurred during previous runs. Char pellets were added in the reactor, on top 

of the ash grate and up to the reactor core until they covered the air inlet nozzles. 

The char bed was required to allow for an easier gasifier start-up. The char bed 

level was the same for every trial. Fresh wood pellets were weighed and poured in 

the GEK. The top lid was then sealed. The gasifier was inspected thoroughly at 

every flange and connection to ensure proper seal. The furnace heat exchanger 

blower was then switched on. Air from the compressor was allowed in the ejector 

venturi to create negative pressure (up to 0.25 kPa) and begin air flow within the 

gasifier. The initial fresh air flow helped in performing a system air flush to 

remove residual gases from previous trials. Propane was injected and burned in 

the swirl burner to flare up the residual gases. Before ignition of the gasifier, the 

temperature and pressure datalogger was activated. A small propane torch was 

placed through the ignition port of the gasifier reactor to activate the combustion 

zone. The torch was used until the combustion sustained itself and the core 

temperature (T_core) started rising above 70°C. The ignition port was then sealed. 

During the ignition process, the vacuum in the gasifier was kept at 0.25 kPa and 

the amount of propane fed in the swirl burner was decreased gradually as the 

T_core increased. Once T_core reached the minimal gasification temperature of 

700°C (after 4 to 9 min), the propane was disconnected from the swirl burner and 

P_bottom was adjusted, with the ejector venturi needle valve, to a vacuum 

between 1.25 to 1.5 kPa. The syngas combustion was then self-sustained in the 
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swirl burner. Throughout the gasification sequence, P_bottom was regularly 

adjusted to compensate for pressure changes occurring while the air compressor 

was filling or emptying. For every trial, the portable analyzer was placed through 

the chimney port to perform exhaust gas analysis at 5 min intervals. The sample 

bags were used for exhaust gas and syngas sampling, which were taken every 15 

min, for a total of three samples per experiment. Shut down procedures were 

initiated when the gasifier started behaving abnormally (small explosions or 

unsustained syngas combustion) or if T_top increased to 100°C. Following one of 

these signs, P_bottom vacuum was decreased to 0.25 kPa, the reactor air inlet was 

sealed, and experiment was terminated. The GEK was then monitored while 

cooling down.  

 

3.4.5 Experimental objectives 

The goal of this experiment was to obtain, from the gasifier operation, 

average empirical data to estimate biomass consumption rate, air intake flow rate 

and syngas flow rate, which were needed to estimate the CO2 enrichment potential 

of the unit. Therefore, the gasifier was operated constantly under its optimal 

condition set by the manufacturer. Referring to Table 3.3, the vacuum pressure 

was set between 1.25 to 1.5 kPa. While running at a steady vacuum condition, the 

gasifier performance was also monitored in terms of temperature and pressure 

considering the feedstock used. The objective was to ensure that the gasifier could 

function at optimal temperatures and equivalence ratio with a dense fuel such as 

sawdust wood pellets. The impact of the fuel density on the core pressure drop 

would also indicate the level of efficiency of the gasifier. Overall, these 

preliminary results would help reflect the potential of wood pellet downdraft 

gasification for CO2 enrichment in greenhouses. 
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3.5 Results and Discussion 

The average duration of sawdust wood pellet gasification trials with the 

GEK was 67.1 ± 6.3 min and the average time to gasification was 6.1 ± 1.5 min. 

The duration of a trial spanned from the ignition in the combustion zone until the 

sealing of the air inlet. The time to gasification was defined as the period between 

ignition of the combustion zone and the reactor core (T_core) reaching the 

minimum gasification temperature of 700°C.  

 

3.5.1 Feedstock 

The wood pellets elemental composition was obtained from literature by 

Reed et al. (1988), from an ultimate analysis performed on similar hardwood 

sawdust pellets (Table 3.6).  

Table 3.6 – Ultimate analysis from sawdust pellets (dry basis, mass percent) 

(Reed et al., 1988) 

Material C H N S O Ash 

Sawdust 

pellets 
47.2 6.5 0.0 0.0 45.4 1 

 

From the ultimate analysis of sawdust pellets, the stoichiometric ratio 

 A/F stoich can be estimated to 5.63 kg of dry air per kg feedstock using Equations 

2 and 3. The wood pellets HHV, on a dry basis, is estimated to 19.42 MJ/kg from 

Equation 5, while the LHV is determined subsequently as 18.10 MJ/kg from 

Equation 6.  

The premium wood pellets provided a homogeneous fuel in terms of 

moisture, ash, composition, heating value, bulk density and particle size. This was 

necessary to monitor the gasifier behaviour independently of biomass type and 

possible variation due to heterogeneity.  

The smoother morphology of wood pellets eased the overall mechanical 

flow of the fuel and prevented bridging in the feeder and at the top of the reactor. 

However, after entering the drying and pyrolysis zone, it was observed that the 
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sawdust pellets would lose their smooth morphology as they were changing into 

char pellets and could become prone to crumbling. Nonetheless, it was typically 

reported that wood pellets, due to their higher density, had reduced risks of 

bridging compared to other biomass types, such as wood chips (Erlich and 

Fransson, 2011). Bridging did occur during a few experiments, but only at the 

reactor core, which was solved by manual shaking of the ash grate. The use of 

agitation, stirring and ash grate shaking is commonly suggested to prevent and 

remediate core plugging or feedstock bridging (Reed et al., 1988). However, 

excessive agitation may be detrimental by reducing the residence time between 

each gasification zone and producing a tarry syngas (Reed et al., 1988).  

The gasifier showed performance particularities that are unique to the 

intrinsic properties of small sawdust wood pellets, compared to others or non-

densified fuels. The higher density of pellets can in fact create a denser bed at the 

reactor core. Indeed, other research had shown that wood pellets have higher char 

density with increasing temperatures up to 800°C, while wood chips char density 

would decrease continuously with increasing temperatures (Erlich et al., 2006). 

Consequently, the pellets could make it more difficult for air to fully penetrate the 

combustion zone and would increase core pressure drop. Moreover, this may 

induce a decrease of the equivalence ratio since there is more mass of biomass 

than mass of air. Still, it has been observed by Elrich et al. (2011) that denser char 

beds increase core pressure drop, which can both decrease or increase cold gas 

efficiency depending on the feedstock. The sawdust wood pellets diameter of 6.5 

mm might have been a cause of gasification efficiency reduction since Elrich et 

al. (2011) had observed that larger pellets of 8 mm gave better efficiency than 

pellets of 6 mm.  

 

3.5.2 Temperature 

Average temperatures for the different data points are presented in Table 

3.7. The overall thermocouple set up on the gasifier provided temperature profiles 

as seen in Figure 3.5.  
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Table 3.7 – Average temperature profile across the gasifier obtained from 

sawdust wood pellet gasification (missing data were due to accidental 

disconnections of thermocouples) 

Trial 
# 

T_core T_combustion T_1 T_2 T_top T_bottom T_cyclone T_syngas T_amb 

°C °C °C °C °C °C °C °C °C 

1 862 - - - - 774 184 41 20.61 

2 - 995 32 36 38 754 182 48 17.17 

3 884 821 43 28 33 817 208 45 27.20 

4 835 842 37 28 30 732 136 52 14.75 

5 864 877 27 27 26 790 184 25 19.41 

6 880 930 35 32 34 796 188 48 13.88 

7 847 1001 54 39 42 727 165 46 13.88 

8 839 947 65 48 51 746 180 52 18.41 

9 858 1003 76 37 37 628 141 47 8.16 

10 856 1029 37 30 34 760 186 43 18.16 

Avg. 858 927 46 34 37 751 174 45 17 

SD 19 73 17 7 8 55 23 8 5 

 

 

Figure 3.5 – Temperature profile of a typical trial of the downdraft gasifier 

with sawdust wood pellets (Trial #10) 
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The average temperature profile of the gasifier showed very good 

operational behaviour. Indeed, core temperatures were maintained around 858°C 

(T_core), close to the value of 850°C suggested by Reed et al. (1988) for tar 

cracking and aromatic hydrocarbons destruction. The bottom of the reduction 

zone was kept around 751°C (T_bottom). This demonstrated the expected 

endothermic effect of the reduction zone, reducing temperatures and ensuring 

syngas production. The combustion zone was kept at around 927°C 

(T_combustion) and showed high fluctuations as seen in Figure 3.5. These 

observations for T_combustion were consistent for all trials and could be due to 

the dynamics of air and biomass mass flows in that region.  

The syngas temperature was 174°C (T_cyclone) at the exit of the reactor 

while it dropped to 45°C (T_syngas) at the top of the packed bed filter. T_syngas 

was low enough to indicate that some of the moisture and volatiles condensed 

throughout the filtering equipment (cyclone, packed bed filter), although this was 

not measured. The heat lost from the temperature drop between T_cyclone and 

T_syngas could reduce the overall gasifier efficiency. The temperature difference 

between T_1 (46°C) and T_combustion (927°C) indicated that the drying and 

pyrolysis zones were located within that 80 mm height region of the reactor. The 

measurements for T_2 (34°C) were lower than T_1, since it was further away 

from the reactor. It was observed that T_top (37°C) was a few degrees higher than 

T_2, which is most likely due to the gasifier top lid material (steel) heating from 

direct solar radiation. T_top was close to the lid and could have measured this 

interference. Slightly higher temperatures at T_top were also observed when the 

gasifier was at rest and under direct sunlight, which supported this possible 

explanation. 
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Figure 3.6 – Temperature profile of a sawdust wood pellet downdraft 

gasification trial experiencing instabilities and high temperature rise at the 

top of the reactor (Trial #9) 

Temperature sensors were essential to monitor the performance of the 

gasifier assembly and to work as safety controls. Sensors above the combustion 

zone (T_1, T_2 and T_top) were important indicators of the level of remaining 

fuel in the reactor and were used as a signal to stop operations. T_top 

measurements varied between 26°C and 51°C. However, T_top had been observed 

to increase to 70°C and up to 400°C within 10 minutes at the end of a trial (Figure 

3.6). It is hypothesized that when the feedstock was almost fully consumed, there 

was more air than fuel, which increased the air-fuel ratio. An increasing air-fuel 

ratio could have changed the reaction from gasification to combustion, thus 

affecting and increasing the temperatures of the overall gasifier vessel, as seen in 

Figure 3.6. Another possible explanation was that once all fresh biomass pellets 

were consumed in the combustion zone, the hot char in the reduction zone, which 

reached temperatures around 850°C, remained exposed. There were no more fresh 

pellets to receive the emitted heat as they would normally in the pyrolysis and the 

drying zone. The heat would then conduct and radiate easily and quickly to the 

top of the reactor reflecting the measurements taken by T_1, T_2 and T_top. 
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Either way, T_1, T_2 and T_top usually remained steady during trials and their 

sudden temperature increase was systematically associated with depletion of fresh 

feedstock in the reactor. Therefore, the gasifier was shutdown once T_top 

approached 100°C. 

 

3.5.3 Pressure 

Pressure sensors were required to establish the operational conditions of 

the gasifier and to measure pressure differentials across the major components of 

the gasifier, such as the core and the filtration devices. Pressure data is 

summarized in Table 3.8, which shows the average pressure profile of the gasifier 

running on sawdust wood pellets. 

Table 3.8 - Average pressure profile across the downdraft gasifier obtained 

from sawdust wood pellet gasification (missing data for trial #10 were due to 

accidental disconnections of pressure sensors) 

 
Vacuum Pressure Pressure Drops 

Trial 

# 

P_bottom Core Filter 

kPa kPa kPa 

1 1.66 0.67 0.14 

2 1.23 0.33 0.19 

3 1.52 0.53 0.17 

4 1.50 044 0.21 

5 1.70 0.76 0.16 

6 1.43 0.51 0.21 

7 1.47 0.58 0.20 

8 1.27 0.40 0.19 

9 1.34 0.38 0.22 

10 - - - 

Avg. 1.46 0.51 0.19 

SD 0.16 0.14 0.03 
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Figure 3.7 – Pressure profile of a typical trial of the downdraft gasifier with 

sawdust wood pellets (Trial #3) 

Operational vacuum pressures were kept between 1.23 and 1.70 kPa, 

which helped in maintaining the core temperature around 850°C, as suggested by 

the gasifier manufacturer. The ideal vacuum pressure of 1.25 kPa was 

recommended for this gasifier, but most of our runs had vacuum pressures higher 

than 1.25 kPa. This is most likely due to the higher density of the wood pellets 

used for this experiment since the recommendation was meant for a biomass type 

of lower average density. Therefore, a stronger vacuum was necessary to ensure 

gas flow through the denser fuel bed. Sinusoidal like variations can be observed in 

sync between every pressure sensor. These variations were due to the continuous 

pressure fluctuations from the air compressor when it was filling and emptying. 

Adjustments had to be performed constantly by the gasifier operator with manual 

control of the needle valve at the ejector venturi. While the operation lacked the 

precision of automated controls, the operational vacuum pressure was kept at an 

average of 1.46 kPa.  

An average pressure drop of 0.51 kPa was observed across the reactor core 

(the difference between P_core and P_bottom). Core pressure drop ranged 
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between 0.33 and 0.76 kPa. Figure 3.7 presents an example of a curve for core 

pressure drop showing a slight increase as a function of time. The average rate of 

char bed packing, expressed as the increase of pressure differential over time, was 

determined as 5.80 ± 1.97 Pa/min or 348Pa/hr. As mentioned by Elrich et al. 

(2011), the pressure drop across the core reflects the level of char bed packing and 

density. For their trials, they had observed core pressure drops between 0.05 and 

0.70 kPa for various types of densified biomass. Although our gasifier design and 

biomass differed from the ones used by Elrich et al. (2011), our results fell within 

the higher range they had observed. It can still confirm that the higher density 

sawdust wood pellets used in our experiment increase the bed char density and 

core pressure drop.  

 

Figure 3.8 – Pressure and temperature profile of a sawdust wood pellet 

downdraft gasification trial showing effects of excess ash grate shaking (Trial 

#5) 

In order to prevent excessive char bed packing at the core, the ash grate, 

below the reactor core, was shaken lightly during some experiments, as suggested 

by Reed et al. (1988). Figure 3.8 shows that the light agitations did not affect 

considerably the core pressure drop curve for most of the trial duration, except at 
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the end of the experiment. A high decrease on the core pressure drop curve can be 

seen at 54 min and represents the impact of excessive ash grate shaking. As a 

consequence, the hot reacting char of the reduction zone fell onto the ash grate 

and was replaced by fresh wood pellets. In turn, the wood pellets reached the 

reduction zone without being processed through the drying, the pyrolysis and the 

combustion zone as they normally would. After the excess shaking, T_core 

dropped abruptly below ideal gasification temperatures, followed by T_bottom. 

Due to these abnormal temperatures, the gasification reactions were impaired, 

thus affecting the syngas quality and the potential use of the gasifier as a CO2 

enrichment device. A few minutes were required for temperatures to return to 

their steady optimal levels. Light reactor agitation is important to control char bed 

packing, but it may also interfere with gasification processes if performed in 

excess.  

 

Figure 3.9 - Pressure profile of a sawdust wood pellet downdraft gasification 

trial showing micro-explosions (Trial #8) 

Figure 3.9 displayed sudden and very short high positive pressure peaks 

that could be referred to as micro-explosions. These instances lasted less than a 

second and were higher at the top of the reactor, as measured by P_top. A micro-
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explosion could be observed, on site, as a very small amount of smoke being 

briefly spit out of the gasifier air inlet and through some flange seals. The gasifier 

would then continue to operate normally and no damage to the gasifier material 

was noticed after inspections. The occurrences of micro-explosions in a gasifier 

reactor are not often examined in literature. Quaak et al. (1999) had acknowledged 

that fixed bed gasifiers could be prone to explosions at start-up due to the residual 

gases from previous trials. When mixed with air, these residual gases could ignite 

instantly, thus creating sudden positive pressure peaks. Reed et al. (1988) also 

mentioned that for downdraft gasifiers, the level of these explosions was low 

enough that the material and joints could handle them without damage. It was 

suggested that spring-loaded lids or safety release valves should be included in the 

gasifier design to release the excess positive pressure from micro-explosions 

(Reed et al., 1988). For our experiments, these micro-explosions could have been 

due to an accumulation of combustible gases in certain regions of the gasifier, 

which were suddenly ignited when exposed to air. It was also acknowledged that 

the gasifier was not 100% sealed, thus enabling possible air leakage inside the 

system. Most of the flange joints were sealed with high temperature mortar while 

others were sealed with tightened nuts and bolts only, such as at the top lid. 

Indeed, it was essential to keep the top lid manoeuvrable for refilling and 

inspection of the reactor between experiments. However, it may have induced a 

weaker seal enabling some air leakage and explaining the higher pressure peaks 

measured by P_top. From Figure 3.9, it must be noted that the pressure profile, 

prior to an explosion, does not indicate signs, such as pressure changes, that 

would lead to a micro-explosion. Further research would be required to clarify the 

working parameters that favour these micro-explosions and their implications.  
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Figure 3.10 – Variation of packed-bed filter pressure drop with increasing 

numbers of monitored trials 

An average pressure drop through the cyclone and packed bed filter of 

0.19 ± 0.03 kPa was determined from the difference of P_bottom and P_filter. The 

pressure drop reached a maximum of 0.22 kPa, which was still far from the 

manufacturer recommended limit of 1.00 kPa as the indicator to replace the filter 

bed material. From the trendline seen in Figure 3.10, the packed bed filter had a 

pressure differential increase of approximately 6.3 Pa per experiment. These 

increases of pressure differential were most likely due to accumulation of particles 

and tars trapped in the packed bed filter. More experiments would be needed to 

test the saturation point of the filter, currently suggested at 1.00 kPa. Moreover, 

the container was not weighed before and after experiments to account for the 

accumulated mass of tars. The content of the filter being mostly charcoal of 

different size and shapes, it could be reused as a feedstock into the gasifier, once 

the filter pressure drop was more than 1.00 kPa.  

 

3.5.4 Gasifier performance 

The average performance results from sawdust wood pellet gasification 

were estimated and compiled in Table 3.9.  
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Table 3.9 – Average performance results for downdraft gasification of 

sawdust wood pellets (average ± standard deviation) 

Air intake  (m
3
/hr) 6.09 ± 0.35 

  (kg/hr) 7.33 ± 0.42 

Biomass consumption rate  (kg/hr) 7.70 ± 0.76 

Syngas flow rate  (m
3
/hr) 13.33 ± 0.76 

 (kg/hr) 13.51 ± 0.77 

Production ratio (m
3

syngas/kgbiomass) 1.73 ± 0.11 

 (kgsyngas/kgbiomass) 1.76 ± 0.12 

    A/Fstoich 5.63 

  A/Factual 0.96 ± 0.12 

ER 0.17 ± 0.02 

Power 

   from wood pellet combustion (kW) 38.8 ± 4.0 

from syngas combustion (kW) 22.9 ± 1.3 

    Cold gas efficiency 59% ± 4% 

 

 

Figure 3.11 – Influence of sawdust wood pellet consumption rate in a 

downdraft gasifier on cold gas efficiency 

In absence of continuous measurements of the syngas composition, 

measurements from All Power Labs were used, which provided average values of 

volumetric syngas composition, shown in Table 3.10: 

Table 3.10 – Volumetric syngas composition (dry basis) for GEK gasifier (All 

Power Labs, 2010) 

H2 CO CO2 CH4 N2 

18.7% 22.7% 9.6% 3.0% 44.7% 
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From the individual gas heating values in Table 3.2, this composition 

characterized syngas with an estimated HHV of 6.68 MJ/m
3
 (LHV of 6.18 MJ/m

3
) 

and a density of 1.01 kg/m
3
 (at 101.325 kPa and 20°C on a dry basis). The air 

intake of 6.09 m
3
/hr presented in Table 3.9 was estimated with the empirical 

relationship described by Equation 11 using the actual vacuum measurements in 

the gasifier. Without flow meters, the average syngas production rate was 

assumed as the sum of the air intake and the estimated volatile fraction of the 

biomass consumption rate. Therefore, from Equation 12, the average m syngas is 

assumed to be 13.51 kg/hr and Q
syngas

 is 13.33 m
3
/hr. These results translate to an 

approximated production of 1.76 kg, or 1.73 m
3
, of syngas per kg of gasified 

sawdust wood pellets. Without being actual measurements, the results from Table 

3.2 provided an order of magnitude of syngas production for the gasifier. 

The cold gas efficiency of 59% presented in Table 3.9 was estimated using 

Equation 9. This calculated value was proportional to the LHV of both the syngas 

and the feedstock which were determined from literature and empirical data from 

the gasifier manufacturer. Equation 9 also considered the actual average biomass 

consumption rate, while using the estimated syngas production rate, and provided 

an acceptable approximation. If the actual cold gas efficiency was 59%, it would 

be considered satisfactory since it would have fallen in the average range 

observed by Elrich et al. (2011) for various biomass pellet types. From Figure 

3.11, the highest estimated efficiency was reached at the lowest average 

consumption rate. Table 3.9 showed that the gasifier average biomass 

consumption rate of 7.70 kg/hr would have represented a thermal output of 38.8 

kW for the same amount of biomass consumed with direct combustion. Following 

gasification and syngas combustion, the thermal power output was estimated at 

around 22.9 kW for the GEK. The lower thermal power of the gasifier 

corresponded to the cold gas efficiency and did not consider the energy content 

still present in the remaining char or from the tars trapped in the gasifier filters.  
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The empirical estimations of gasifier performance were compared with 

theoretical predictions from gasification literature. The average wood pellet 

consumption rate of the gasifier was 40.4% of the maximal theoretical output 

(18.86 kg/hr) reported by Reed et al. (1988) for the specific reactor core diameter 

of the GEK gasifier. Using the LHV value for sawdust wood pellets and based on 

the theoretical maximal biomass consumption rate from the gasifier reactor core 

diameter, the maximal GEK power output should be 94.8 kW. Similarly, the 

theoretical gas output of the gasifier was 41.34 m
3
/hr, for a maximal production 

ratio of 2.2 m
3
 of syngas produced per kg of biomass consumed. Based on an 

average heat value of syngas of 5.80 MJ/m
3
 (Reed et al., 1988), the maximal 

theoretical power output of syngas combustion was 66.6 kW, for a gasifier cold 

gas efficiency of 70%. Additional empirical data from the gasifier operation 

would be required to explain the differences between theoretical and actual 

performance. 

 

Figure 3.12 – Influence of char bed pressure drop on the equivalence ratio of 

downdraft gasification of sawdust wood pellets 

 

Figure 3.13 – Influence of char bed pressure drop on the cold gas efficiency 

of downdraft gasification of sawdust wood pellets 
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From Table 3.9, the estimated equivalence ratio of 0.17 was evocative of 

gasification, but below the optimal average value of ER = 0.25. The ER was 

obtained from the air inlet flow rate and the actual biomass consumption rate. 

Since the latter value represented an average for a whole gasification experiment, 

it was not possible to evaluate the instantaneous consumption rate, and thus the 

instantaneous ER, at different stages of time during gasification. If the actual ER 

had been 0.17, it would have been lower than the common range of 0.20 to 0.45 

reported by Elrich et al. (2011). The lower ER value might be due to the tendency 

of wood pellets to create a denser fuel bed at the core. With more mass of fuel 

than mass of air at the core, the ER could decrease. Elrich et al. (2011) had 

observed that wood pellets ER and cold gas efficiency would decrease with higher 

core pressure drop. However, Figure 3.12 and Figure 3.13 show opposite 

tendencies of increasing ER and cold gas efficiency with increasing core pressure 

drops. Although they were using a downdraft gasifier with a different design, 

Elrich et al. (2011) had noticed this effect on other types of pellets. They 

explained that higher core pressure drops also allowed for longer residence time 

for the biomass, which could result in increased char conversion and higher 

efficiency. This explanation seems to reflect Figure 3.12 and Figure 3.13. 

However, the estimations of both ER and cold gas efficiency were directly 

proportional to the air inlet flow rate, which depended on the vacuum pressure 

measurements (P_bottom). As P_bottom would increase, the core pressure drop, 

the ER and the cold gas efficiency increased as well. Therefore, more empirical 

data of actual performance would have been required to fully assess the 

relationship shown in Figure 3.12 and Figure 3.13. Additionally, since ER was 

below the usual range for gasification, it seems logical that the cold gas efficiency 

would increase as ER increased closer to the optimal value of 0.25.  

 

3.5.5 Potential of CO2 production for enrichment 

The maximum CO2 enrichment potential of the sawdust wood pellets was 

1.73 kg of CO2 per kg of biomass (Equation 12), if used in complete direct 

combustion. When consumed at m biomass = 7.70 kg/hr, assuming complete 
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combustion, rate of enrichment would be 13.3 kg CO2/hr, obtained from Equation 

13. With a suggested rate of enrichment of 5.6 g CO2/(m
2
∙hr), the wood pellets 

could enrich a greenhouse with maximal surface area of 2379 m
2
.  

The same methodology was applied to obtain the actual enrichment 

potential of the gasifier following complete combustion of syngas. The syngas 

was estimated to be consumed at m syngas = 13.51 kg/hr. Using Equation 12 and the 

gas composition, mCO2  from syngas was 0.64 kg of CO2 per kg of syngas, while 

m CO2  was 8.62 kg CO2/hr. The GEK could presently enrich a greenhouse with a 

surface area of 1540 m
2
. The enrichment potential for gasification, in terms of 

greenhouse surface area, is 65% of the potential for direct combustion. 

Nonetheless, as suggested by many authors, gasification coupled with syngas 

combustion is cleaner and easier to control than direct combustion (Reed et al., 

1988; Quaak et al., 1999; Whitty et al., 2008), which would compensate for the 

lower surface of greenhouse enrichment. Future comparative research should 

further assess the differences between combustion and gasification. 

 

Table 3.11 – Energy and CO2 yield for sawdust wood pellets (assuming 

complete direct combustion and complete syngas combustion following 

sawdust wood pellet gasification), for natural gas and propane (assuming 

complete combustion for both fossil fuels) 

 

Wood pellets (kg) Natural Gas (m
3
) Propane (L) 

 

After 

combustion 

After 

gasification 

After 

combustion 

After 

combustion 

MJ / unit of fuel 18.10 10.69 37.89 
a
 25.53 

a
 

g CO2/ unit of fuel 1729 1123 1891 
a
 1510 

a
 

g CO2/MJ 96 62 50 59 
a data provided by the Agence de l’efficacité énergétique du Québec (AÉE, 2009) 

 

The results compiled in Table 3.11 presents the energy output per kg of 

sawdust wood pellets after complete direct combustion and after gasification. The 

value after gasification is the energy output from complete combustion of the 

syngas per kg of the wood pellets processed in the gasifier. The lower energy 
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output of 10.69 MJ/kg, compared to 18.10 MJ/kg, is representative of the cold gas 

efficiency of 59% for the gasifier. The data from Table 3.11 allows comparing the 

potential usable CO2 emitted for enrichment with the potential heating value of 

conventional and non conventional fuels. The CO2 emitted from natural gas and 

propane is in lesser amount, but comes from a fossilized and non renewable 

source of energy. On the other hand, the CO2 emitted from both thermo-chemical 

processes for biomass had been absorbed from the atmosphere during the biomass 

growth. Results show that biomass used as a CO2 enrichment source could supply 

more CO2 per unit of energy than propane and natural gas. 

By performing a simplified mass balance for carbon content, we observed 

that for 1 kg of sawdust wood pellets there was 0.47 kg of carbon. Using the mass 

ratio of 1.76 kg of syngas per kg of wood pellets along with syngas composition, 

we determined that 0.31 kg of carbon was present in the gas. Therefore, 0.17 kg of 

carbon remained in the gasifier, in the form of charcoal, tars, oils, unburnt volatile 

gases, per kg of gasified wood pellets. Consequently, approximately 65% of the 

carbon content of the wood pellets that was absorbed during the biomass growth 

was re-emitted in the atmosphere following complete combustion of syngas. 

When used for CO2 enrichment, a certain amount of this 65% of carbon could be 

absorbed by the plants in the greenhouse, thus further reducing the balance of 

carbon released to the atmosphere. Close to 35% of the carbon content remained 

in the gasifier as co-products, such as char below the reactor or as tars and fine 

particulates in the cyclone and the packed bed filter. The exact distribution of 

these co-products between the various sections of the gasifier would need to be 

addressed in future studies. Further analysis of char composition in terms of 

remaining volatile carbon and fixed carbon, along with other essential properties 

could help determine if this gasification char is suitable as biochar and for soil 

amendment.  
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3.5.6 Recommendations 

Future research work should look at improving the accuracy to determine 

the ER. An air flow rate meter at the gasifier air inlet could help in validating 

Equation 11 when used with sawdust wood pellets. The fixed bed gasifier 

(including all of its components) could be set up on a high capacity scale. This 

method could indicate accurately the mass loss over time. It could even determine 

the different fuel consumption rates during ignition, operation and cool down of 

the gasifier. Additionally, the observations derived from the temperature and 

pressure measurements should be integrated into an automated control system to 

apply a downdraft gasifier as a CO2 enrichment device. Problems arising from 

fluctuations in optimal gasification temperatures, depletion of the biomass fuel in 

the reactor, from micro-explosions, excessive char bed packing at the core or 

excessive ash grate shaking can all be detected by the temperature and pressure 

sensors to activate an alarm or a shut down procedure.  
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3.6 Conclusion 

 

The objective of this experiment was to setup and monitor the 

performance of a pilot scale gasifier to estimate the CO2 production rate, while 

identifying the characteristics of the system that would affect CO2 enrichment 

operations. The sawdust wood pellets used for gasification caused less bridging 

than other types of solid biomass fuel and created a denser char bed at the core. 

The gasifier was able to operate with optimal gasification temperatures for the 

majority of the time. Temperature fluctuations provided indications of biomass 

fuel depletion in the reactor and showed the effects of excessive ash grate 

shaking. The pressure sensors validated the extent of a pressure drop increase 

across the reactor core and the packed bed filter. The pressure sensors were 

helpful in detecting micro-explosions, which might have suggested sealing flaws 

on the gasifier. The gasifier operated with an average equivalence ratio of 0.17, 

below the optimal value of 0.25, and the cold gas efficiency was 59%. An 

increase of cold gas efficiency was observed with increasing core pressure drop 

due to the longer residence time of the wood pellets in the reduction zone. From 

the empirical data, the GEK running with sawdust wood pellets could provide a 

maximum of 22.9 kW of thermal energy and could enrich a maximum of 1540 m
2
 

of greenhouse surface area. Results indicate that biomass, following combustion 

or gasification, could provide more CO2 for greenhouse enrichment than propane 

or natural gas. 

These observations lead to recommendations to improve the downdraft 

gasifier as a CO2 enrichment device and to indicate future research avenues. The 

results were compared with current literature, which contributed to the general 

knowledge on biomass gasification. This research project was a first step in 

demonstrating CO2 enrichment from biomass gasification, which was not known 

to have been documented in peer reviewed literature.  
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Connecting Statement 

 

In Chapter 3, the various parameters influencing the operation of wood 

pellet gasification were studied to formulate recommendations, which would 

improve the performance of the system as a CO2 enrichment device. The focus of 

Chapter 3 was on the wood pellet gasification to produce syngas, while the focus 

of Chapter 4 is on the syngas combustion to produce CO2 for enrichment. Chapter 

4 examines the performance of a syngas burner in terms of exhaust gas 

composition, to identify potential improvements for the burner design.  
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Chapter 4: Combustion of syngas from biomass gasification for 

CO2 enrichment in greenhouses 

 

4.1 Abstract 

 

Near complete combustion of syngas is essential to achieve greenhouse 

carbon dioxide (CO2) enrichment from biomass gasification and safety for plants 

and greenhouse workers. The objective of this research project was to monitor the 

performance of a syngas burner in terms of exhaust gas composition and to 

identify potential improvements for the burner design aimed at its application for 

CO2 enrichment in greenhouses. A steel swirl burner was operated with an 

average equivalence ratio (the actual air to fuel ratio relative to the stoichiometric 

air to fuel requirement) of 2.6 following gasification of sawdust wood pellets. 

Carbon monoxide (CO) was produced at an average concentration of 8.8 ppm. 

About 60% of the trials were below the ASHRAE standards for indoor air quality 

of 11 ppm, while 90% were below 20 ppm. The average concentration of nitrogen 

oxides (NOx) emissions was 23.6 ppm and would need to be reduced to allow 

commercial operations. The sulphur dioxide (SO2) emissions were below ppm 

levels, while ethylene (C2H4) emissions were below the critical concentration of 

50 ppb for CO2 enrichment. The theoretical exhaust gas CO2 concentrations were 

calculated as part of this project and were below the calculated concentrations 

obtained from the portable gas analyzer. This difference indicated that the actual 

syngas composition was different than the estimated composition used in the 

calculations and that the actual CO2 enrichment potential of the gasifier could 

have been higher. Improvements to the syngas burner design were suggested to 

reduce NOx emissions and further improve the syngas combustion efficiency, by 

integrating the low swirl design, the use of mesh catalysers, better refractory 

material and a better heat exchanger. Continuing research on this topic should 

look at emissions of particulate matter and volatile organic compounds (VOCs). 
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Table 4.1 – Nomenclature 

A greenhouse surface area m
2
 

 A/F actual actual dry air to fuel ratio  

 A/F stoich stoichiometric dry air to fuel ratio  

ER equivalence ratio  

HHV higher heating value kJ / kg fuel 

i element i (C, H, N, O or S)  

j compound j (CO2, H2O, N2, O2)  

LHV lower heating value kJ / kg fuel 

Mi molecular mass of element i kg of i / kmole 

Mj molecular mass of compound j kg of j / kmole 

m air in gasifier reactor air intake mass flow rate kg / hr 

m biomass solid biomass consumption rate kg / hr 

mCO2  mass of emitted CO2 per kg of dry fuel kg CO2 / kg fuel 

m CO2  CO2 mass flow rate kg / hr 

m flue gas flue gas mass flow rate kg / hr 

m syngas syngas mass consumption rate kg / hr 

mO2  stoichiometric oxygen requirement kg O2 / kg fuel 

ρ
air

 air density kg / m
3
 

Q
air in

 gasifier reactor air intake volumetric flow 

rate 

m
3
 / hr 

Q
syngas

 syngas volumetric flow rate m
3
 / hr 

x number of carbon molecules  

Xair  mass fraction contribution of air to flue gas kg air / kg flue gas 

Xi  mass fraction of element or compound i  kg of i / kg fuel 

Xj  mass fraction of compound j  kg of j / kg fuel 

Xsyngas  mass fraction contribution of syngas to flue 

gas 

kg air / kg flue gas 

y number of hydrogen molecules  

Yj volume fraction of compound j % 
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4.1 Introduction 

Impacts of carbon dioxide (CO2) on plant growth have been observed for 

over 200 years for contributing to photosynthesis.  

 6CO2 + 12H2O 
light energy
        C6H12O6 + 6O2 + 6H2O (1) 

Practices of CO2 enrichment in controlled growth environments have been 

pursued since the early 1900s with wide ranges of success (Wittwer and Robb, 

1964; Mortensen, 1987). Since the 1980s, in conjunction with maturing 

technologies and best practices, CO2 enrichment has found steady commercial 

applications and wide acceptance from the horticulture industry (Mortensen, 

1987). It is now accepted that increasing CO2 concentrations in greenhouses 

between 700 to 1000 ppm, can increase yields from 21 to 61% in dry mass 

(Wittwer and Robb, 1964; Mortensen, 1987; Willits and Peet, 1989; Hanan, 1998; 

Critten and Bailey, 2002; Jaffrin et al., 2003; Tisserat et al., 2008; Sánchez-

Guerrero et al., 2009). Enrichment is performed with pure CO2 in bulk, or from 

dedicated natural gas or propane burners (Hicklenton, 1988). CO2 enrichment 

using the exhaust gas of heating systems fuelled with natural gas or propane is 

currently feasible considering efficient and clean combustion. However, using 

renewable energy could increase environmental and economical benefits of 

greenhouse productions. Currently, biomass heating is showing a lot of promises 

for its ability to provide thermal energy for very large greenhouses at competitive 

costs (Chau et al., 2009). Biomass, as a solid fuel, encompasses many sources of 

organic vegetal matter and their derivatives, such as wood residues, dedicated 

energy crops, agricultural residues, animal waste, or municipal waste. Biomass 

combustion for heating or cogeneration is recognised as a sustainable renewable 

fuel alternative that can also reduce greenhouse gas production (Petersen Raymer, 

2006). The life-cycle assessment of biomass used for combined heat and power 

shows better performance and lower impacts than for natural gas (Dones, 2003; 

Eriksson et al., 2007). Therefore, CO2 enrichment from the exhaust of a biomass 

heating system could be promising, but is limited since biomass combustion is not 

as efficient and complete as with fossil fuels. Emissions of carbon monoxide 
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(CO), nitrogen oxide (NOx), sulphur oxide (SOx), volatile organic carbons 

(VOCs) and fine particulates can impair plant production. Therefore, 

improvements are required to make CO2 enrichment from biomass heating 

systems a viable and safe option.  

While biomass combustion technologies are well established, gasification 

is showing a lot of promise both in research and commercial applications to 

achieve high efficiency and cleaner energy production (Quaak et al., 1999; 

McKendry, 2002; Basu, 2010). Gasification is a thermo-chemical reaction that 

differs from combustion for being under partial oxidation, thus converting the 

material into a gaseous fuel. Various types of feedstock can be used for 

gasification such as coal and a myriad of biomass sources. However, biomass has 

much higher volatile content than other solid fuels, up to 80%, which is ideal for 

gasification (Quaak et al., 1999). Depending on the gasifier design, the gas is 

usually composed of hydrogen (H2, 12-20%), CO (17-22%), methane (CH4, 2-

3%), CO2 (9-15%), water vapour (H2O), nitrogen (N2) and tar vapours. The raw 

gas containing some impurities is called producer gas while it is referred as 

synthesis gas when refined into a higher quality mixture (CO and H2). For the 

sake of this research the term syngas is used in reference to producer gas. Syngas 

has a calorific value around 4-6 MJ/Nm
3
 when using air as an oxidizer (Reed et 

al., 1988; Quaak et al., 1999; McKendry, 2002). Syngas can be used for power 

and heat production or to be further converted into chemicals or liquid fuels in the 

form of a synthesis gas (McKendry, 2002). Gasification coupled with syngas 

combustion for heat and power can achieve high efficiency and is recognised to 

make biomass heating cleaner and easier to control, compared to direct 

combustion of solid fuels (Reed et al., 1988; Quaak et al., 1999; Whitty et al., 

2008). Consequently, syngas combustion as a CO2 enrichment device could work 

as a renewable alternative to propane and natural gas.  

Efficient combustion of syngas is the key to achieve this goal. In order to 

inject exhaust gases in a greenhouse, compliance with air quality and workplace 

safety must be met (Table 4.2). 
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Table 4.2 – ASHRAE standards to indoor environmental quality (ASHRAE, 

2009) 

Compound  Concentration limit 

Carbon Dioxide CO2 3500 ppm 

Carbon Monoxide CO 11 ppm (8h) 

    25 ppm (1h) 

Nitrogen Dioxide NO2 0.05 ppm 

    0.25 ppm (1h) 

Particulate  40 μg/m
3
 (8h) 

    100 μg/m
3
 (1h) 

Sulphur Dioxide SO2 0.019 ppm 

VOC
a
  1 - 5 mg/m

3
 

Acrolein C3H4O 0.02 ppm 

Acetaldehyde C2H4O 5.0 ppm 

Formaldehyde CH2O 0.1 ppm 
a Limits for VOCs are usually presented per individual compound. 

The presented value for VOCs concentration limit is a suggested 

target from Health Canada (Health Canada, 2007) while limits for 

C3H4O, C2H4O and CH2O are from ASHRAE (2009). 

The main compounds found in the exhaust gas of inefficient biomass 

heating systems are CO, NOx, SOx, ethylene (C2H4), other VOCs, and fine 

particulates (Hanan, 1998). They can affect both plants and human beings. Plants 

are mostly affected by ethylene, which acts as a plant hormone by provoking early 

senescence in plants (Mortensen, 1987) and should be kept below 0.05 ppm 

(Hanan, 1998). Proper syngas combustion should keep these compounds below 

acceptable levels. 

Syngas from biomass gasification presents some challenges since the 

burner has to cope efficiently with a gas whose composition and flow rate may 

vary. Even when operated at steady conditions, a biomass gasifier may perform 

variably due to the nature of the solid biomass fuels, as seen in Chapter 3. This 

research project looks at exhaust gas emissions from a rudimentary syngas swirl 

burner. An outlook of the flue gas compounds formation and of the current syngas 

burner design is given. The experimental CO2 enrichment potential of syngas 

combustion is compared with theoretical estimations. The objective of the 

research is to demonstrate that syngas combustion may present an interesting 

renewable alternative for CO2 enrichment from a biomass heating system.  
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4.2 Literature Review 

4.2.1 Gasification  

There are many conventional designs for gasification of biomass such as 

fixed bed and fluidized bed types, all of which influence the syngas composition 

and quality (Basu, 2010). The common fixed bed reactors are shown in Figure 

4.1.  

 

Figure 4.1 – Schematic of gasification zones and gas and biomass flows for 

Updraft, Downdraft and Crossdraft gasifiers (Basu, 2010) 

 

They differ essentially due to the syngas flow in the system, including 

downdraft, updraft and crossdraft. These flow patterns affect the order at which 

the biomass feedstock undergoes the four main gasification reactions: drying, 

pyrolysis, combustion and reduction (Figure 4.1).  

Updraft gasifiers are more common for larger scale thermal energy 

production of 1 to 30 MW. They accommodate fuels with higher moisture content 

(60% max, wet basis) and ash content (25% max, dry-ash basis) (Quaak et al., 

1999). However, the syngas tar content is much higher, varying between 30 to 

150 g/m
3
 (Basu, 2010). For direct heating applications, updraft gasifier become 

advantageous since the tars increase the gas heating value and the resulting gas is 

burned directly after being produced (Reed et al., 1988). 
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The most common type of downdraft gasifiers are the Imbert style 

gasifiers used for nearly a million vehicles worldwide in the early 20
th

 century 

(Reed et al., 1988). Their application range is from 10 kW up to 1 MW due to 

their intrinsic core design. As seen in Figure 4.1, the V-shaped narrow 

constriction at the reactor core creates a high temperature zone that ensures tar 

cracking. This results in the production of syngas with very low tar content from 

0.015 to 3.0 g/m
3
, which makes downdraft gasifiers ideal for internal combustion 

engines (Basu, 2010). The Imbert style design is limited in scalability and works 

optimally with feedstock of lower moisture content (25% max, wet basis) and ash 

content (6% max, dry-ash basis).  

Fluidized bed gasifiers operate with a reusable granular solid in a semi-

suspended state maintained by the intake air flow velocity. As the biomass is 

mixed in the fluidized-bed, the temperature is more uniformly distributed amongst 

the reactor thus optimizing heat and mass transfer (Reed et al., 1988; Basu, 2010). 

Fluidized bed gasifiers also generate tars at a level around 10 g/m
3
, between the 

performance of updraft and downdraft gasifiers (Basu, 2010). This makes 

fluidized bed gasifiers advantageous and energy efficient for large scale 

applications, although the added complexity of the system usually increases 

investment and maintenance costs. 

Updraft or fluidized-bed gasifiers are appropriate for heating large scale 

greenhouses requiring over 1MW of thermal power. The potential use of their 

exhaust gas CO2 would be determined by the quality and efficiency of the boiler. 

Additional emission cleaning systems and dilution would most likely be required 

for this application. On the other hand, downdraft gasifiers, due to their low tar 

content, could function as smaller dedicated CO2 production units for greenhouse 

enrichment. 
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4.2.2 Thermodynamics of Syngas Combustion 

Combustion is a thermo-chemical reaction between a fuel and an oxidizer. 

Theoretically, complete combustion of a fuel is achieved when the stoichiometric 

air requirement is met, following the general combustion equation.  

 CxHy +  x + 
y

4
 O2    x CO2 + 

y

2
H2O (2) 

The air or oxygen requirement depends on the chemical composition of 

the fuel, which can be obtained from its ultimate analysis (normally expressed by 

mass) (De Nevers, 2000). If more air is mixed with the fuel than the 

stoichiometric air requirement, the mixture is referred as a lean mixture. As the 

ratio of air to fuel increases, the mixture reaches a limit where it has too much air 

and is too lean to burn. This limit of air to fuel ratio is known as the lower 

flammability limit (LFL or lean limit) beyond which combustion will not occur 

(De Nevers, 2000). Similarly, if less air is mixed with the fuel than the 

stoichiometric air requirement, the mixture is referred as a rich mixture. As the 

ratio of air to fuel decreases, the mixture reaches the upper flammability limit 

(UFL or rich limit), where there is not enough air and combustion cannot occur 

(De Nevers, 2000). Therefore, every fuel has an optimal stoichiometric air to fuel 

ratio and a flammability range between the LFL and the UFL. These limits are to 

be considered when mixing fuel and oxidizer depending of the flame being 

produced. When mixing occurs only at the burner, it generates a diffusion flame. 

The required oxygen diffuses through the outer surface of the flame to react with 

the incoming fuel. This generates a large flame with peak temperatures around 

1090°C depending of the fuel (De Nevers, 2000). With premixed flames, the fuel 

and oxidizer are completely or partly mixed before ignition in the combustion 

chamber. In these conditions, combustion is much faster resulting in smaller and 

much hotter blue flames, also referred as non-luminous flames, reaching up to 

2200°C (De Nevers, 2000). It is important that the premix gases be injected to the 

burner at a velocity higher or equal to the flame speed, otherwise flashback will 

occur. Flashback happens when the flame propagates faster than the air-fuel 

injection velocity. The flashback potency of a mixture depends on the fuel 
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composition (Dam et al., 2011). For instance, syngas with high H2 content can 

increase flashback potency by increasing flame speed. Even a small amount of H2 

increases the risks of flashback since it alters the kinetics and the thermo-physical 

properties of the gas mixture (Dam et al., 2011). Air-fuel mixture preheating is 

generally not recommended since it promotes flashback (Littlejohn et al., 2007). 

With a homogeneous mixture of air fuel, most of the fuel is burned and 

converted to H2O and CO2. However, when air and fuel are not pre-mixed, a 

diffusion flame is produced which generally leaves some carbon particles unburnt 

and soot is formed. These small carbon particles glow due to the flame 

temperature and give the yellow-orange colour of the flame. Soot can then deposit 

in chimney walls or equipment as soot, thus increasing maintenance (De Nevers, 

2000). Therefore, premix or partly premix flames would be most applicable for 

CO2 enrichment. 

The mass of O2 needed per kg of fuel is calculated based on (Van Loo and 

Koppejan, 2008):  

 mO2  
kg O2

kg fuel
   XC

MO2

MC
+
XH

4

MO2

MH
+ XS

MO2

MS
 -  XO (3) 

where 

Mi  
kg of i

kmole
  : molecular mass of element i (C, H, S or O) 

Xi  
kg of i

kg fuel
  : mass fraction of element i from ultimate analysis (C, H, S or O) 

The mass fraction of oxygen subtracted in the previous equation refers to 

the amount present in the biomass. The stoichiometric air to fuel ratio ( A/F stoich) 

is the theoretical mass of air required for complete combustion of a unit of mass 

of a fuel (Basu, 2010). The  A/F stoich is then computed as follows (Van Loo and 

Koppejan, 2008): 

  A/F stoich  
kg air

kg fuel
    mO2+ mN2   mO2 + mO2

YN2

YO2

MN2

MO2

 (4) 

where 

Yj  %   :  volume fraction of compound j in air (O2 or N2) 
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The equivalence ratio (ER) determines the actual oxygen to fuel ratio 

relative to the stoichiometric oxygen to fuel requirements (Equation 5).  

 ER  
 A/F actual

 A/F stoich
  (5) 

Typical equivalence ratio for gasification is when the ER = 0.25, while 

combustion would be generally specified by an      and pyrolysis, by an 

     (Reed et al., 1988). Therefore, combustion of syngas is expected to have 

an ER of 1 or higher. Values greater than one indicates that excess air is mixed 

with the fuel (lean mixture). It must be noted that some authors use fuel to air 

ratios (F/A) rather than air to fuel (A/F) (Littlejohn et al., 2010). The F/A ratio 

influences the definition of equivalence ratio, which gives reversed values to the 

ones previously stated. For this research, ER is defined according to Equation 5, 

which implies that a lean mixture is indicated by ER > 1 and a rich mixture, by 

ER < 1.  

The maximal quantity of flue gas CO2 which could be used for enrichment 

can be estimated according to the carbon content of the syngas. Assuming 

complete combustion of the fuel, the mass of emitted CO2 per kg of dry fuel is: 

 mCO2  
kg CO2

kg fuel
    XC

MCO2

MC
   (6) 

By knowing the syngas consumption rate, m syngas in kg/hr, one can 

estimate the CO2 output useable for enrichment and compare with other 

enrichment systems.  

 m CO2  
kg CO2

hr
   m

CO2

 ∙ m  syngas  (7) 

Additionally, the potential greenhouse surface area that can be enriched 

with the gasifier is found using the recommended CO2 injection rate of 5.6 

g/(m
2
∙hr).  

 A  m2    
m CO2

0.0056kg CO2

m2∙hr

    (8) 
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4.2.3 By-products of combustion 

Carbon monoxide is a chemical asphyxiant that prevents oxygen transport 

in the blood and can become poisonous when inhaled in large quantities 

(ASHRAE, 2009). Post-combustion CO emissions are due to insufficient levels of 

hydrocarbons oxidation, low temperatures and short residence time (Van Loo and 

Koppejan, 2008). Equivalence ratios between 1 and 2 produce the lowest CO 

emissions for general biomass boilers with temperatures over 1000°C (Van Loo 

and Koppejan, 2008). Higher ER might reduce the combustion temperature and 

increase CO concentrations. Syngas with high CO and H2 content usually have 

wider flammability limits than common fossil fuels (Whitty et al., 2008). Wider 

flammability limits for an air-fuel mixture implies that the mixture can burn under 

richer and leaner conditions than it could when, for example, the fuel had less H2. 

A wider flammability limit for an air-fuel mixture helps in reducing the risks of 

combustion blow off, even with an unsteady flow of syngas or with a poor air-fuel 

mixing. The extended operation range reduces the probability of syngas 

combustion emitting CO. However, syngas with high H2 content can also increase 

the risks of flashback (Dam et al., 2011). 

Nitrogen oxides, mainly NO and NO2, are formed by three different 

mechanisms: fuel NOx, thermal NOx and prompt NOx (Van Loo and Koppejan, 

2008). Fuel NOx occurs from the oxidation of nitrogen containing compounds 

such as NH3 or HCN produced during the gasification process (Whitty et al., 

2008). These can be controlled using air staging or two-stage combustion. The 

staging limits O2 contact with nitrogen compounds by limiting initial mixing at 

the combustion zone and further injecting downstream (Whitty et al., 2008). 

Thermal NOx are emitted following the reaction of N2 with oxygen radicals at 

temperatures above 1300°C (Van Loo and Koppejan, 2008). This reaction is the 

most prominent NOx formation mechanism and it increases in concentration as 

temperature, O2 concentration and residence time increase. It has also been 

observed that thermal NOx are less influenced by syngas composition (Whitty et 

al., 2008). Peak flame temperatures can be reduced by means of flue gas 
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recirculation or water injection in the combustion zone (Whitty et al., 2008). In 

fuel rich conditions, prompt NOx occurs when N2 reacts with active hydrocarbons, 

CH, to form HCN later generating fuel NOx (Van Loo and Koppejan, 2008). This 

implies that syngas with higher CH4 content increases prompt NO, but thermal 

NO is still the dominant reaction (Whitty et al., 2008). Since the temperature of 

combustion can impact the level of emissions, a compromise between 1000°C and 

1300°C is usually recommended to reduce both CO and NOx emissions. In terms 

of health impacts, nitric oxide (NO) inhalation interferes with O2 transport at the 

cellular level and nitrogen dioxide (NO2) can cause lung damage (ASHRAE, 

2009). Both gases can cause stresses to plants and reduce photosynthesis 

significantly at levels above 0.25 ppm depending on the crop (Hanan, 1998). 

Sulphur dioxide compounds are emitted only if sulphur is present in the 

fuel and if it is properly oxidized. Sulphur is found between 0.01 to 2% in 

biomass fuels (Reed et al., 1988), thus the resulting SOx emissions are generally 

considered minor combustion products and around 40% of the fuel sulphur 

remains in the ashes (Van Loo and Koppejan, 2008). SOx consist mostly of SO2 

and a small fraction of SO3, which is usually negligible (De Nevers, 2000). 

Incomplete combustion of fuel sulphur forms H2S (Van Loo and Koppejan, 2008). 

SOx emissions can be reduced by removing sulphur from the fuel, by limestone 

injection or by post-combustion treatments (Van Loo and Koppejan, 2008; Whitty 

et al., 2008). If found in a greenhouse, SO2 is a lung irritant for humans while it is 

phytotoxic for plants (Hicklenton, 1988; ASHRAE, 2009).  

Hydrogen chloride (HCl) is a compound that is emitted only if chlorine is 

found in the fuel in a similar manner as with sulphur. Wood usually contains very 

low amounts of Cl, while it can be found in higher concentrations in grasses such 

as miscanthus, switchgrass and straw (Van Loo and Koppejan, 2008). HCl 

emissions can be prevented by fuel washing or with post-combustion measures.  

Incomplete combustion and improper air-fuel mixing will generate volatile 

organic compounds. Other heavier organic compounds include PAH and fine 

particulates. While fine particulates can be inorganic compounds from the solid 
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fuel, they can also be heavy hydrocarbons which condense to form tars or unburnt 

carbon species creating soot (Van Loo and Koppejan, 2008). Emissions of these 

organic compounds depend mostly on the design and the operation of the burner, 

rather than the syngas composition (Whitty et al., 2008). They can be reduced 

effectively with a proper combustion temperature, residence time and oxygen 

mixing (Van Loo and Koppejan, 2008). Moreover, gaseous fuels have lower risks 

of producing VOCs than liquid fuels (Whitty et al., 2008), and in general, close-

coupled biomass gasifier burner systems are cleaner than direct combustion 

systems (Reed et al., 1988). Gasification is generally regarded to offer cleaner 

emissions due to its higher controllability (Quaak et al., 1999). 

 

4.2.4 Syngas Burners 

Formation of pollutants indicates that successful CO2 enrichment from a 

biomass gasifier resides mostly on the design of the syngas burner. Research has 

been conducted to evaluate various dedicated syngas burners to elucidate the 

complexity of combustion of gases under unsteady composition (Littlejohn et al., 

2007; Li et al., 2009; Wood et al., 2009). Many of those have been evaluating 

combustion of syngas with different gas composition (Whitty et al., 2008). Others 

have looked at syngas from coal gasification (Littlejohn et al., 2007). In general, 

there is a need for burners adaptable to gases with varying compositions to cope 

with the increase interest towards alternative fuels such as syngas, biogas and 

biodiesel (Littlejohn et al., 2007). 

Typically, raw syngas used for heat and power is burned directly in a 

furnace or a boiler. While the exhaust gas emissions are strongly affected by the 

syngas composition, the concentration levels at which they are emitted depends 

primarily on the burner design and the effectiveness of air-fuel mixing (Whitty et 

al., 2008). The main factors contributing to complete combustion of a gas are 

residence time, temperature and turbulence (Reed et al., 1988). The residence time 

depends on the combustion chamber dimension, while temperature is kept at 

optimal levels with refractory materials, ceramics or high temperature metal 
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alloys. Turbulence is promoted by various means of air-fuel mixture and injection 

to ensure adequate mixing (Reed et al., 1988). 

A degree of air and fuel premixing is required to achieve hotter and non-

luminous flames, which prevent soot production and help to achieve near 

complete combustion. For instance, general gas appliances work with partly pre-

mix flames with around 25% of the stoichiometric air requirement (De Nevers, 

2000). In that case, once the rich pre-mix mixture is ignited at the stove’s burner, 

it reaches the surrounding air which completes the fuel combustion. Using a partly 

pre-mix mixture contributes to efficient combustion while preventing flashback 

by remaining over the UEL. Alternatively, many internal combustion engines or 

turbines work with leaner pre-mix mixture, which helps in reducing NOx 

formation downstream and achieving near complete combustion (Biagioli, 2006).  

Injectors or ejectors can ease the task of entraining gas flow. For most of 

those devices, a fluid jet creates a vacuum pulling gas from another stream to 

allow them to mix downstream without a pump. The fluids continue to mix in a 

passage of constant cross-sectional area, which then increases to let them diffuse 

in the actual burner combustion chamber (Lawn, 2003). This type of venturi 

mixer can then be connected to various types of burners. 

 

Figure 4.2 – Photographs and cross-sectional view of the low swirl combustor 

(Littlejohn et al., 2007) 
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The Low Swirl Injector presented in Figure 4.2 is a particularly interesting 

burner design, which has proven to perform successfully with various fuels of 

lower heat content, such as biogas and syngas. The design consists of an 

“aerodynamic flame stabilization mechanism that utilizes a diverging flow to 

allow a premixed turbulent flame to freely propagate” (Littlejohn et al., 2007). 

This burner is adapted for lean premixed combustion where the ER suggested is 

around 0.6 according to a fuel to air definition of ER, which corresponds to ER = 

1.67 from Equation 5 (Kang et al., 2007). The air-fuel lean mixture is injected 

through two passages (Figure 4.2).  

An outer ring of swirl blades allows a portion of the gas to swirl while a 

center-channel leaves the remaining gases unswirled (Littlejohn et al., 2010). The 

center-channel has a screen with a determined blockage ratio, which influences 

the fluid divergence through the two passages. The divergence created by the two 

passages helps in matching the flow field of the incoming mixture with the flame 

speed, thus improving flame stability. The flow of the central passage with the 

divergent swirl flow helps in retarding the formation of a central recirculation 

zone in the burner, which would increase residence time and promote thermal 

NOx formation (Littlejohn et al., 2010). Appropriate selection of swirl number, 

vane angles, radii ratios and exit tube length have been thoroughly studied by 

Littlejohn et al. (2007). Since flashback is a main concern for burners, they have 

observed that flashbacks are prevented by reducing the swirl number or increasing 

the operating velocity. This burner has shown to maintain good flame stability, 

reduce risks of flame blow off and to produce very low emissions at lean 

operating conditions (Littlejohn et al., 2010). 

A common approach to reduce CO or NOx emissions in burner design is 

through the addition of a catalyst. A catalytic mesh combustor was tested by Li et 

al. (2009) to reduce CO emissions. A wide range of catalysts have been studied in 

the past for syngas and biogas combustion including magnesium, platinum and 

hexaluminate based materials. Most of these researches observed that, compared 

to conventional hydrocarbons, H2 from syngas combusted very close to the 
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catalyst, while CO and CH4 burned further away from the mesh. The early 

ignition of H2 led to premature sintering of the catalyst due to the local high 

combustion temperatures (Li et al., 2009). The suggested design by Li et al. 

(2009) used two wire-meshes in series, separated by a given distance. The double-

layer wire-mesh catalyst with a blockage ratio of 48% provided high mass and 

heat transfer and a low pressure drop. Using various syngas composition, this 

catalyst configuration achieved conversion ratios of CO to CO2 at over 90%, 

while a single layer wire-mesh catalyst performed below 40% (Li et al., 2009). 

Porous burners have been studied for the lean premixed combustion of 

fuels of varying composition and lower heat content, such as syngas (Alavandi 

and Agrawal, 2008; Wood and Harris, 2008). Working under lean pre-mixed 

condition reduces emissions significantly but a lean mixture with varying 

composition is more at risk of reaching its lower flammability limit (LFL), also 

referred as lean blow-off limit, when too much air is mixed with the fuel. When a 

mixture reaches its LFL, it becomes too lean to burn, which can increase CO 

emissions or stop combustion completely (Alavandi and Agrawal, 2008). The 

design consists of filling a cylindrical burner with a porous bed of refractory 

material, ceramics or high temperature metal alloys (Wood et al., 2009). The 

porous material is usually in the form of pellets, spheres, lamella structure or 

saddles depending on the desired pressure drop (Wood et al., 2009). The porous 

solid helps in transferring the combustion heat to pre-heat the incoming lean air-

fuel mixture. This preheating decreases the LFL of the mixture, thus allowing the 

burner to function under even leaner conditions (Wood et al., 2009). Additionally, 

this thermal mass increases the combustion velocity and allows higher volumes of 

gas to be consumed. Wood et al. (2009) demonstrated that a porous burner could 

operate with a natural gas mixture of 1.1 vol% while the conventional lean limit is 

4.3 vol%. A porous burner maintains stability with various flow rates and reduces 

emissions of CO, NOx and unburnt hydrocarbons (UHC) (Wood et al., 2009).  

In summary, biomass gasification coupled with syngas combustion has the 

potential to provide a clean and an easy to control mean to provide CO2 for 



108 

enrichment in greenhouses using a renewable fuel. To be equivalent to natural gas 

or propane CO2 enrichment burners, syngas combustion should be freed of post-

combustion exhaust gas cleaning as much as possible. Near complete combustion 

of syngas is necessary and can potentially be achieved through adequate burner 

design. The gasifier operation can also influence the burner design since it affects 

the syngas composition, and thus, the relative extent at which the various exhaust 

gas compounds will be emitted. Therefore, in order to select an appropriate burner 

design, this research aims at identifying which important exhaust gas compounds 

are emitted and at which concentration range when a small scale downdraft 

gasifier is operated at the manufacturer’s optimal conditions.  

 

4.3 Materials and Methods 

4.3.1 Experimental Setup 

A downdraft gasifier was selected to produce the required syngas (Figure 

1.1). The Gasifier Experimental Kit (GEK) developed by All Power Labs 

(Berkeley, CA, USA) is based on the Imbert design, which has proven reliable at 

producing syngas with low tars content (Reed et al., 1988; All Power Labs, 2010). 

This gasifier was selected for its affordability and flexibility in terms of potential 

modifications, instrumentation and uses, promoted by the open source philosophy 

of their developers, All Power Labs. The reactor dimensions are shown in Figure 

4.3. The GEK swirl burner was placed inside the combustion chamber of a forced-

air furnace (Superior Bio-mass Furnace, Ja-Ran Enterprises Inc., Lexington, MI, 

USA) where syngas was allowed to burn (Figure 4.4). The setup facilitated the 

flue gas flow of syngas combustion to be directed into the furnace chimney, 

where representative exhaust gas measurement were taken. The setup allowed for 

future heat recovery using the furnace air-to-air heat exchanger. 
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Figure 4.3 – Schematic and dimensions (provided in inches) of the downdraft 

gasifier reactor (courtesy of All Power Labs)  

 
Figure 4.4 – Schematic of the gasifier coupled with the forced-air furnace. 

Compounds include: 1. three ports: Ignition, Air inlet, Instrumentation – 2. 

Reactor – 3. Ash grate – 4. Support legs – 5. Cyclone – 6. Packed bed filter – 

7. Ejector venturi – 8. Swirl burner – 9. Furnace combustion chamber – 10. 

Furnace fuel inlet for direct combustion only – 11. Furnace blower for heat 

exchanger – 12. Air-air heat exchanger – 13. Chimney (GEK schematic 

courtesy of All Power Labs)  

 



110 

The GEK functioned under negative pressure (suction operation), which 

was driven by the ejector venturi before the swirl burner. Compressed air was 

provided to the ejector by a compressor with a capacity of 19.4 m
3
/hr at 275 kPa 

and 15.3 m
3
/hr at 620 kPa (All Power Labs recommendations were 10-14 m

3
/hr at 

about 620-830 kPa). A needle valve, connected before the ejector, allowed to 

manually control the compressed air flow and therefore to operate the gasifier 

under negative pressure. Two water filled U-tube manometers served as a direct 

visual output of the gasifier operating pressure conditions. One was connected to 

the bottom of the reactor core (P_core) and the second, at the top of the packed-

bed filter (P_filter). All Power Labs previous experiences helped to identify the 

optimal vacuum condition for P_core to obtain an ideal core temperature over 

850
o
C along with corresponding air intake flow rates when using wood pellets 

(Table 4.3). They produced the following empirical relationship, which was only 

valid for the GEK using wood pellets (All Power Labs, 2010): 

 Q
air in

 
m3

hr
  2.4207 ∙ Vacuum Pressure inH2O  0.5227 (9) 

Table 4.3 - GEK performance according to vacuum pressures from 

manufacturer recommendations (All Power Labs, 2010) 

Vacuum Vacuum Air Intake Performance 

Pressure Pressure Flow rate Condition 

(inH2O) (kPa) (m
3
/hr) 

 10 2.49 8.1 Over pull 

8 1.99 7.2 Maximum 

6 1.49 6.2 Good 

5 1.25 5.6 Ideal 

4 1.00 5.0 Good 

2 0.50 3.5 OK 

1 0.25 2.4 Minimum 

0 - 1 0 – 0.25  Under pull 

 

The syngas mass flow rate was estimated by adding the air intake mass 

flow (extrapolated from Table 4.3 and using ρair = 1.205 kg/m
3
) with the volatile 

fraction of the biomass consumption rate (estimated at 80%). 

 m syngas  
kg syngas

hr
    Q

air in
 
m3

hr
  ∙ ρ

air
 + 80% ∙ m biomass  

kg

hr
  (10) 
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The first gas conditioning system was a cyclone attached directly to the 

exit of the reactor, which helped to collect particles and tars droplets. Cyclones 

are usually recognised to catch particle size as small as 5 μm at up to 80% 

efficiency (Van Loo and Koppejan, 2008). Next to the cyclone was a standard 61 

L (16 US gal) drum, which acted as a packed bed type filter. The drum was filled 

with standard barbecue charcoal of various sizes going from larger (1-2 cm) to 

finer (sawdust grain size), upward along the height of the bin. Research has shown 

that a 15 cm deep container packed with material of 1.3 cm can capture 50% of 

2.5 μm droplets from a gas depending of its velocity (Reed et al., 1988). 

Compared to these dimensions, All Power Labs increased the packed bed filter to 

accommodate an available standard drum size (61 L), thus offering a conservative 

collection performance.  

The ejector venturi premixed the syngas with air controlled from the 

primary needle valve (Figure 4.5). The mixture converged in a 19 mm steel pipe, 

which increased to 38 mm to enter tangentially at the bottom of the swirl burner. 

A secondary air inlet was controlled manually with the secondary needle valve to 

introduce additional excess air tangentially with a 13 mm steel pipe at the middle 

height of the swirl burner and in the opposite direction of the primary air-fuel inlet 

(Figure 4.5). A propane gas inlet was connected at that same level to be used only 

at start-up. The swirl burner had a diameter of 127 mm with a height of 241 mm.  

 

Figure 4.5 – Flow diagram of the swirl burner with ejector venturi and 

instrumentation 

Swirl Burner

Compressed 

air

 

Oil-removal 

air filter

Pressure 

Gauge

Primary 

Needle Valve

Secondary 

Needle Valve

Pressure 

Gauge

Flow 

meter

Ejector 

Venturi

↑

Syngas

Propane

↓

Flow 

meter

Flue gas to 

Chimney

↑



112 

 

Figure 4.6 – Photograph of the swirl burner with ejector venturi and 

instrumentation 

The exhaust gas sampling line used a stainless steel probe, a cotton filter 

(inside a 300 mm long and 12.7 mm diameter tube) and a 500 g calcium sulphate 

desiccant column (Figure 4.6). The syngas sampling line was made of two glass 

impingers connected in series and sitting in ice buckets (Figure 4.7). The 500 g 

desiccant was also connected to the end of this sampling line. In both cases, a 

diaphragm vacuum pump (KNF Neuberger, Inc., Trenton, NJ, USA) was used and 

had a capacity of 2 m
3
/hr and 91 kPa of maximum vacuum pressure. Both 

sampling lines were tested to prevent air leaks at the joints.  

 

Figure 4.7 – Sampling train configuration for exhaust gas 

 
Figure 4.8 - Sampling train configuration for syngas 
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4.3.2 Instrumentation 

A Gasifier Control Unit (GCU) was developed by All Power Labs 

(Berkeley, CA, USA) to read and datalog the GEK instruments and control 

devices. All data was recorded in real time in a Toughbook laptop (CF-29, 

Panasonic, Kadoma, Osaka, Japan). An array of chromel-alumel (type K) 

sheathed thermocouples was installed at strategic locations on the gasifier and 

connected to the GCU (Table 4.4 and Figure 4.8). The 11 thermocouples were 

calibrated, in boiling water (100°C) and an iced bath (0°C), three times during the 

project (drift was less than 1%).  

Table 4.4 – Nomenclature and description for thermocouples and for 

temperature sensors of the portable analyzer 

Nomenclature Description 

(T1) T_core Reduction zone at the reactor core (150 mm from the 

bottom of the reduction bell, seen in Figure 4.3) 

(T2) T_combustion Combustion zone (220 mm from bottom of reduction 

bell) 

(T3) T_1 First intermediate point between reactor core and top 

(300 mm from bottom of reduction bell) 

(T4) T_2 Second intermediate point between reactor core and top 

(400 mm from bottom of reduction bell) 

(T5) T_top Top of the reactor (480 mm from bottom of reduction 

bell) 

(T6) T_bottom Below the reduction zone 

(T7) T_cyclone Exit of the reactor before the cyclone 

(T8) T_syngas Top of the packed bed filter beside syngas sampling port 

(T9) T_flame Temperature of the burner material 

(T10) T_ambient Ambient temperature 

(T11) T_flame2 Temperature in the flame 

(T12) T_amb Portable Analyzer ambient temperature measurements 

(T13) T_stack Portable Analyzer exhaust gas temperature  

 

Four ports were installed on the gasifier to measure pressure, additional to 

the U-tube water manometer. Tubes of 6.35 mm inner diameter connected the 

pressure ports to the differential gauge pressure transducer of the GCU.  
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Table 4.5 - Nomenclature and description for pressure sensors 

Nomenclature Description 

(P1) P_comb Combustion zone 

(P2) P_top Top of the reactor 

(P3) P_filter Top of the packed bed filter 

(P4) P_bottom Below the reduction zone  

A scale was used to weigh wood pellets before every filling. Compressed 

air injection was monitored with two pressure gauges of 700 kPa and two versa-

mount dial-indicating flow meters of up to 42.5 m
3
/hr (Figure 4.5). A first 

pressure gauge monitored the incoming air from the compressor before the needle 

valves. Between the primary control needle valve and ejector venturi were 

installed a flow meter and a second pressure gauge. The second flow meter was 

placed at the exit of the secondary needle valve. Exhaust gas was measured 

directly through a chimney port using a TESTO 335 portable analyzer (Testo Inc., 

Lenzkirch, Germany) to measure CO, O2, NO, NO2 and SO2 and to give 

calculated estimates of CO2 and NOx. The analyzer provided additional values for 

ambient temperatures and stack temperatures. The syngas sampling port was 

positioned at the top of the drum filter (point (B), Figure 4.8), before the ejector 

venturi, while the exhaust gas sampling port was connected through the chimney 

(point (A), Figure 4.8). 

 
Figure 4.9 – Instrumentation schematic of the gasifier coupled with the 

forced-air furnace ((P1) to (P3): pressure sensors – (T1) to (T13) temperature 

sensors - (A): Exhaust gas sampling port – (B): Syngas sampling port) 
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Exhaust gas was also sampled in SamplePro FlexFilm bags (SKC inc., 

Eighty Four, PA, USA) with single polypropylene fittings. Exhaust gas samples 

were analyzed for ethylene (C2H4) in a Hewlett Packard 5890A (Agilent, Santa 

Clara, CA, USA) gas chromatograph (GC) with a 60/80 carbopack B column of 

1.83 m long and 45.7 mm diameter. The GC functioned with a flame ionization 

detector (FID) using helium as a carrier gas set at 35 ml/min. Ethylene at 27 ppm 

± 5% in synthetic air was used as calibration gas mixture from Praxair, Inc. 

(Danbury, CT, USA). The GC was linked to the PeakSimple (version 3.56) 

software for data collection.  

Syngas was collected in stronger FlexFoil sample bags (SKC inc., Eighty 

Four, PA, USA) with single polypropylene fittings. Syngas samples were 

analyzed for hydrogen vol% in an Omnistar GSD 320 O1 (Pfeiffer Vacuum, 

Asslar, Germany) mass spectrometer (MS) with tungsten filament and a mass 

range of 1 to 100 amu. The MS used the electron ionization method and a single 

quadrupole mass analyzer. Ultra high purity air was supplied by MEGS Specialty 

Gases, Inc. (Ville St-Laurent, QC, Canada) for calibration.  

 

4.4.3 Feedstock 

Premium quality wood pellets were supplied by Energex Pellet Fuel Inc. 

(Lac-Mégantic, QC, Canada). They were fabricated from hardwood sawdust and 

contained less than 1% ash. Bulk density of the feedstock was approximately 700 

kg/m
3
 with a particle density of 1055 kg/m

3
. Particle diameter was approximately 

6.5 mm with an average length of 16 mm, varying between 8 and 24 mm. The 

moisture content for the sawdust wood pellets was 7%. 

 

4.3.4 Methodology 

For safety reasons, the gasifier, the forced-air furnace and all instruments 

were operated outdoors. All components were mounted on a skid to ease 

transport. The gasifier was operated in batches of one hour, permitting time for 

gas analysis on the same day and cool down of the reactor.  
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The gasifier operation was repeated according to the following sequence. 

Excess ash was removed below the grate of the reactor. The inside of the reactor 

was inspected for bridging or clogging of the char pellets bed at the core that may 

have occurred during previous runs. Char pellets were added in the reactor, on top 

of the ash grate and up to the reactor core until they covered the air inlet nozzles. 

The char bed was required to allow for an easier gasifier start-up. The char bed 

level was the same for every trial. Fresh wood pellets were weighed and poured in 

the GEK. The top lid was then sealed. The gasifier was inspected thoroughly at 

every flange and connection to ensure proper sealing. The furnace heat exchanger 

blower was then switched on. Air from the compressor was allowed in the ejector 

venturi to create negative pressure (up to 0.25 kPa) and begin air flow within the 

gasifier. The initial fresh air flow helped in performing a system air flush to 

remove residual gases from previous trials. Propane was injected and burned in 

the swirl burner to flare up the residual gases. Before ignition of the gasifier, the 

temperature and pressure datalogger was activated. A small propane torch was 

placed through the ignition port of the gasifier reactor to activate the combustion 

zone. The torch was used until the combustion sustained itself and the core 

temperature (T_core) started rising above 70°C. The ignition port was then sealed. 

During the ignition process, the vacuum in the gasifier was kept at 0.25 kPa and 

the amount of propane fed in the swirl burner was decreased gradually as the 

T_core increased. Once T_core reached the minimal gasification temperature of 

700°C (after 4 to 9 min), the propane was disconnected from the swirl burner and 

P_bottom was adjusted to a vacuum between 1.25 to 1.5 kPa with the ejector 

venturi needle valve. The secondary air inlet was then set to flows of either 0.0, 

8.5 or 17.0 m
3
/hr (0, 5 and 10 cfm, respectively) to vary the excess air to the 

burner depending on the trial. The syngas combustion was then self-sustained in 

the swirl burner. 

For every trial, the portable gas analyzer was placed through the chimney 

port to perform exhaust gas analysis at 5 min intervals. The sample bags were 

used for exhaust gas and syngas sampling, which were taken every 15 min, for a 

total of three samples per experiment. For exhaust gas sampling, the stainless steel 
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probe was inserted through the chimney port. The whole sampling line was rinsed 

with an equivalent of 10 times its volume with the exhaust gas. The sample bags 

were filled according to SKC inc. (Eighty Four, PA, USA) guidelines (SKCinc., 

2010b). Syngas samples were taken at the top of the packed-bed filter. During 

syngas sampling, the pull from the ejector venturi had to be decreased at a lower 

vacuum than the one initiated by the sampling pump, otherwise the pump was not 

strong enough to pull syngas into the sampling bag. Tars and moisture were 

allowed to condensate in the impingers sitting in an ice bath since they had to be 

removed to allow analysis in a gas chromatograph or a mass spectrometer. The 

syngas sampling line was also rinsed with 10 times of its volume with syngas. 

Excess gas was vented outside. Syngas sample bags were also filled according to 

SKC inc. (SKCinc., 2010a) guidelines. Two fresh air samples were taken for 

every experiment to provide background gas concentrations, to be used for 

laboratory gas analysis. 

Shut down procedures were initiated when the gasifier started behaving 

abnormally (small explosions or unsustained syngas combustion) or if T_top 

increased to 100°C. Following one of these signs, P_bottom vacuum was 

decreased to 0.25 kPa, the reactor air inlet was sealed, and experiment was 

terminated. The GEK was then monitored while cooling down. Following the 

gasification experiment, the gas samples were taken for their respective analyses. 

Once the analyses were completed, the sample bags were rinsed three times with 

air filtered through 500 g of desiccant. The sample bags were then fully purged of 

air to be re-used for a subsequent experiment.  

 

4.3.5 Experimental objectives 

The objective of this experiment was to monitor exhaust gas composition 

after syngas combustion. A downdraft gasifier, operated at steady optimal 

conditions as suggested by the manufacturer (Table 4.3), supplied the syngas in a 

burner with varying A/F ratios. To run at optimal conditions, the gasifier vacuum 

was set manually between 1.25 to 1.5 kPa using the primary needle valve. This 
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implied that the primary needle valve was influencing the gasifier vacuum and 

was premixing the syngas and the primary air flow before directing them to the 

swirl burner. Therefore, setting the gasifier vacuum at a steady state was 

regulating the primary air inlet to the burner at a steady flow. The secondary air 

inlet served to further vary the excess air coming to the burner. The primary air 

was varied between equivalence ratios of 1.5 to 2.5, creating a lean mixture. The 

secondary air inlet increased the total equivalence ratio in the burner up to 4.0 

approximately. Each experimental trial was set at a steady equivalence ratio 

within the range of 1.5 to 4.0. Consequently, the level of exhaust gas emissions 

was monitored in relation to the excess air in the burner. Exhaust gases 

concentrations, including O2, CO, NO, NO2 and SO2, were measured by a 

portable analyzer, which also provided calculated estimates for NOx and CO2. 

Exhaust gas was also sampled using sampling bags to analyze for C2H4 content 

with a GC. Finally, syngas was sampled in sampling bags to determine the level 

of hydrogen with a mass spectrometer. Exhaust gas analysis with the portable 

analyzer and with sampling bags were performed for every experiment, while 

syngas sampling was obtained for three trials. 
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4.4 Results and Discussion 

4.4.1 Gasifier performance 

The average duration of the sawdust wood pellet gasification trials using 

the GEK was 67.1 ± 6.3 min and the average time to gasification was 6.1 ± 1.5 

min. The duration of a trial spanned from the ignition in the combustion zone until 

the sealing of the air inlet. The time to gasification was defined as the period 

between the ignition in the combustion zone and the reactor core (T_core) 

reaching the minimum gasification temperature of 700°C. Hence, the difference 

of these two time periods represented the duration of syngas combustion with an 

average of 61.0 ± 6.9 min. 

The mass spectrometer analysis from syngas sampling yielded 19.2% H2 

(± 0.6%). This value was very close to the average measurement of 18.7% for H2, 

used in Chapter 3, provided by the gasifier manufacturer. In the absence of 

continuous measurements of the remaining syngas compounds, average 

measurements from All Power Labs were used for CO, CO2 and CH4, presented in 

Table 4.6. The amount of N2 was estimated as the remaining syngas fraction.  

Table 4.6 – Volumetric syngas composition (dry basis) for the GEK gasifier 

from mass spectrometry analysis (H2) and from All Power Labs (2010) 

measurements (CO, CO2, CH4) 

H2 CO CO2 CH4 N2 

19.2% 22.7% 9.6% 3.0% 44.7% 

 

From the individual gas heating values in Table 4.6, this composition 

characterized syngas with a higher heating value (HHV) of 6.74 MJ/m
3
, a lower 

heating value (LHV) of 6.24 MJ/m
3
 and a density of 1.01 kg/m

3
 (at 101.325 kPa 

and 20°C on a dry basis). The average performance results of the gasifier reactor 

operating on sawdust wood pellets were compiled in Table 4.7. 
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Table 4.7 – Average performance results for downdraft gasification of 

sawdust wood pellets (average ± standard deviation) 

Biomass consumption rate  (kg/hr) 7.70 ± 0.76 

Syngas flow rate  (m
3
/hr) 13.40 ± 0.77 

 (kg/hr) 13.51 ± 0.77 

Production ratio (m
3

syngas/kgbiomass) 1.74 ± 0.11 

 (kgsyngas/kgbiomass) 1.76 ± 0.12 

    Power estimation 

   from wood pellet combustion (kW) 38.8 ± 4.0 

from syngas combustion (kW) 23.2 ± 1.3 

    Cold gas efficiency 60% ± 4% 

 

4.4.2 Syngas Combustion 

4.4.2.1 Equivalence ratio 

Results of syngas and air mass flows into the swirl burner with the 

corresponding equivalence ratios were compiled for the gasification trials in Table 

4.8.  

Table 4.8 – Compilation of syngas and air mass flow rates into the GEK swirl 

burner with respective equivalence ratios 

Trial 

# 

Syngas mass 

flow rate 

Primary air 

mass flow rate 

Secondary air 

mass flow rate 

Total air mass 

flow rate 
Equivalence 

Ratio 
(kg/hr) (kg/hr) (kg/hr) (kg/hr) 

1 13.66 44.98 20.44 65.42 3.04 

2 13.42 30.79 10.34 41.13 1.94 

3 13.50 44.00 9.99 53.99 2.54 

4 13.79 33.88 20.85 54.74 2.52 

5 14.81 57.37 10.26 67.63 2.89 

6 13.81 46.04 10.46 56.50 2.59 

7 12.58 46.04 0.00 46.04 2.32 

8 12.13 45.32 20.59 65.91 3.44 

9 13.91 45.08 10.24 55.32 2.52 

10 13.35 45.36 0.00 45.36 2.16 

Avg. 13.51 43.89 11.32 55.20 2.60 

SD 0.77 7.22 7.62 9.16 0.44 
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Air mass flow rates were determined using ideal gas relationship 

considering the ambient temperature (T_amb) and measurements from dial flow 

meters and pressure gauges. While the primary air inlet was meant to operate at 

steady conditions to create a vacuum in the gasifier, the mass flow rate did vary 

between trials. Adjustments to the primary needle valve were sometimes required 

to modify the internal vacuum pressure of the gasifier and to keep a core 

temperature of 850°C. Additionally, the ambient temperature varied between 27.2 

and 8.2°C. Hence, variations of pressure and ambient temperature (in absolute 

values) affected the air density, contributing to these mass flow rate variations.  

Syngas mass flow rates were estimated using the combination of 

Equations 9 and 10. Therefore, the average          was 13.5 kg/hr or Q
syngas

 was 

13.4 m
3
/hr. These results translated to a production of 1.75 kg, or 1.74 m

3
, of 

syngas per kg of gasified sawdust wood pellets. For syngas with this composition 

the stoichiometric air-fuel requirement is 1.58 kg air per kg of syngas, which 

represents an air mass flow rate of 21.3 kg/hr. 

On average through the experiments, the air was supplied to the burner at 

a rate of 55.2 kg/hr, which represents an average A/F of 4.1 and an average ER of 

2.6. For the various trials, the total equivalence ratios varied between 1.94 and 

3.44 indicating lean combustion. For general combustion applications, it is 

common to find ER > 1 to ensure complete combustion. However, as ER 

increases over unity, the adiabatic temperature (maximal flame temperature 

achieved with complete combustion and no heat exchange) decreases, which can 

reduce NOx emissions (Quaak et al., 1999). The average ER of 2.6 fell in the 

higher limit of the optimal ER range that has been noted to vary between 1.6 and 

2.5 according to Quaak et al. (1999). Since a very high ER lowers the adiabatic 

flame temperature, it can reduce the efficiency of the heat exchanger from the 

boiler or the furnace in which combustion occurs. It was noted that the ER from 

the primary air inlet alone varied between 1.45 and 2.46, with an average of 2.06, 

indicating that the secondary air inlet may not be required.  
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4.4.2.2 Estimation of exhaust gas composition 

The exhaust gas composition was first estimated theoretically before 

comparing with the analyzer measurements.  

 m flue gas  
kg flue gas

hr
      m air in  

kg

hr
  + m syngas  

kg

hr
  (11) 

Using an experimental average m air in of 55.20 kg/hr (dry basis) along with 

the previous m syngas of 13.51 kg/hr, we obtained m flue gas = 68.71 kg/hr. Assuming 

complete combustion, the flue gas compounds mass fractions, XCO2 , XH2O 
, and 

XN2  were obtained by the following equation: 

 Xj 
 
kg of j 

kg flue gas
     Xair  

kg air 

kg flue gas
  ∙ Xi  

kg of i 

kg air
  + Xsyngas 

 
kg syngas 

kg flue gas
  ∙ Xi  

kg of i 

kg syngas
   ∙ 

Mj

Mi
 (12) 

Where j was for compounds CO2, H2O and N2 and i stood for elements C, 

H, and N. The flue gas XO2  was obtained similarly but with subtraction of O2 

fraction found in CO2 and H2O. The volumetric flue gas fractions were obtained 

with Equation 13 (Van Loo and Koppejan, 2008). 

 Yj   

Xj

Mj

 
Xj

Mj
i

   ,   where  
Xj

Mj
i  

XCO2

MCO2

+
XH2O

MH2O
+
XO2

MO2

+
XN2

MN2

   (13) 

As such, the volumetric flue gas composition was estimated to be 8.67% 

CO2, 6.50% H2O, 8.38% O2 and 76.45% N2. From the ideal gas law, the density 

of the flue gas was determined to be 0.39 kg/m
3
 at the average measured flue gas 

temperature of T_stack = 631.6°C and absolute atmospheric pressure. With this 

density and the cross-sectional area of the chimney (15.24 cm diameter), the 

estimated flue gas velocity was 2.67 m/s. 

 m CO2    XCO2
  
kg of CO2  

kg flue gas
  ∙ m flue gas  

kg flue gas

hr
  (14) 

Using Equation 14, a CO2 production rate of 8.67 kg/hr was estimated. At 

this rate, syngas produced from the GEK could enrich the atmosphere of a 1548 

m
2
 greenhouse (Equation 8). 
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4.4.2.3 Exhaust gas measurements 

Following the experiments, flue gas composition, as measured with the 

portable analyzer, was summarized in Table 4.9.  

Table 4.9 – Compilation of important flue gas compounds from syngas 

combustion following sawdust wood pellets gasification 

Trial # CO NOx O2 CO2 

(ppm) (ppm) (%) (%) 

1 14.7 24.8 0.2 7.0 

2  Outlier 

3 11.6 22.6 0.2 8.6 

4 8.1 23.1 0.2 7.7 

5 4.7 27.3 0.2 13.0 

6 5.2 20.8 0.2 9.2 

7 16.4 20.4 0.2 8.9 

8 4.4 25.3 0.2 9.2 

9 4.9 27.8 0.1 7.8 

10 8.8 20.8 0.2 8.3 

Avg. 8.8 23.6 0.2 8.9 

SD. 4.6 2.8 0.0 1.7 

Peak Value 44 50.9 - - 

Max Avg. 16.4 27.8 0.2 13.0 

Min Avg. 4.4 20.4 0.1 7.0 

 

 

Figure 4.10 – Effects of equivalence ratio on CO emissions from syngas 

combustion 
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4.4.2.4 Carbon monoxide 

The emitted concentrations of CO, with an average of 8.8 ± 4.6 ppm, were 

quite close to the ASHRAE standards requirements of 11 ppm (Table 4.2). From 

Table 4.9, about 60% of the trials maintained an average CO concentration below 

the ASHREA standard of 11 ppm, and 90% of the trials had CO concentrations 

below 20 ppm. The highest peak and average CO concentrations measured were 

observed during trial #2, with 102 and 80.6 ppm respectively. This trial was 

considered an outlier since the concentrations were unexpectedly high at the given 

experimental conditions, which, when reproduced, did not achieved such high 

concentrations. Figure 4.10 displayed the burner performance in terms of CO 

emissions. The scattered points did not show an actual trend, but indicated that 

this particular burner emitted CO at concentrations between 16.4 and 4.4 ppm, 

when varying the ER from 2.0 to 3.5. The absence of a trend indicated that the 

varying ER did not seem to affect the CO emissions linearly in this range. 

However, Bhoi and Channiwala (2009) had observed higher CO emissions at A/F 

ratio close to 1.00 and decreasing CO emissions with increasing A/F. This 

observation would be also valid for ER, since the equivalence ratio is defined as 

the ratio between actual and stoichiometric A/F. A wider range of ER for future 

experimental trials would likely display similar observations. This CO emission 

performance was thus considered specific to the particular burner used in these 

experiments. Additionally, it seemed that increasing the ER over 3.5 with 

additional excess air would not necessarily decrease the CO emissions and would 

be considered too high according to Quaak et al. (1999).  

Nonetheless, the average results shown in Table 4.9 hinted that it could be 

possible to avoid post-combustion remediation system for CO. The parameters 

that should be modified in future experiments, to reduce and maintain CO 

emissions below ASHRAE standards, would be through burner design 

improvements. For commercial applications, a CO detector would still be needed 

as it is usually recommended with CO2 enrichment systems for worker’s safety 

(Hanan, 1998). 
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Figure 4.11 - Effects of equivalence ratio on NOx emissions from syngas 

combustion 

 

 

Figure 4.12 – Effects of equivalence ratio variation on both CO and NOx 

emissions 
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increasing ER. The burner performance for NOx emissions fell between 20.4 and 

27.8 ppm, with an ER varying between 2.0 and 3.5. Normally, an opposite effect 

on CO and NOx concentrations should be observed as a result of increasing excess 

air, as described by air pollution literature (De Nevers, 2000), but Figure 4.12 did 

not display such a trend. Additional experimental data points on a wider range of 

ER values would be needed to validate this observation. Nonetheless, these results 

indicated that NOx emissions would be too high for CO2 enrichment with direct 

flue gas utilisation. Some NOx emissions were probably due to the apparent 

recirculation zone observable in the burner combustion chamber. Recirculation 

zones typically increase residence time, which promotes thermal NOx formation 

(Littlejohn et al., 2007). The average flue gas temperature of 631.6°C in the 

chimney and the low efficiency of the furnace heat exchanger were also a cause of 

a higher residence time for flue gases. This meant that high temperatures in the 

combustion chamber of the furnace, in which syngas combustion took place, were 

sustained enough to produce more thermal NOx. From these results, NOx 

emissions would need to be controlled and would require a burner design 

improvement to reach lower NOx levels. 

 

4.4.2.6 Sulphur dioxide 

Considering the trace amount of sulphur in sawdust wood pellets, it was 

assumed early on that SO2 emissions were negligible. From the portable analyzer 

measurements, SO2 emissions were undetectable or within the error margin of the 

instrument (± 10 ppm) at its best resolution (1 ppm). For premium quality sawdust 

wood pellets, SO2 emissions were therefore insignificant at ppm resolution. 

Measurements at parts per billion resolutions would be the next experimental step 

to confirm that SO2 emissions respect ASHRAE standards and ensure that the flue 

gas can be used directly for CO2 enrichment. 
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4.4.2.7 Ethylene 

Gas chromatography analyses for C2H4 emissions were very encouraging. 

Measurements from flue gas samples showed an average presence of 55 ppb 

(parts per billion) of C2H4, which was very close to the C2H4 levels measured 

from the ambient fresh air samples, at 43 ppb (Table 4.10).  

Table 4.10 – Ethylene emissions following combustion of syngas from 

sawdust wood pellets gasification 

 

C2H4 

in sample 

C2H4 in 

fresh air 

 
(ppm) (ppm) 

Avg. 0.055 0.043 

SD 0.060 0.006 

Peak 0.336 - 

 

The difference in C2H4 concentrations from flue gas and fresh air samples 

implied that syngas combustion added a mere 12 ppb in the flue gas. In certain 

trials, C2H4 concentrations from flue gas were even lower than in fresh air 

samples. These low ethylene emissions agreed with the observations from Hanan 

(1998) who concluded that C2H4 concentrations remained lower than the critical 

concentration of 50 ppb when CO concentrations were not exceeding 50 ppm. As 

seen in Table 4.9, 90% of the trials showed CO emissions below 50 ppm. At this 

point, C2H4 emissions from syngas combustion were considered negligible and 

would not be a cause of plant damage if flue gas was injected in a greenhouse. 

 

4.4.2.8 Oxygen and carbon dioxide 

Flue gas O2 levels were measured at an average of 9.0%, close to the 

estimated value of 8.4% (Table 4.11) obtained from Equation 13.  

Table 4.11 – Comparison between estimated values for emissions of CO2 and 

O2 and measured values with a portable analyzer 

 
CO2 O2 

Portable analyzer 11.9% 9.0% 

Theoretical estimations 8.7% 8.4% 

 



128 

The portable analyzer provided calculated concentrations of CO2, which 

resulted in an average of 11.9 %, higher than the previously calculated value of 

8.7%. However, the method of estimation was an indication of the maximum 

amount of CO2 that could be emitted according to the fuel composition. This 

meant that the actual composition of syngas might have had higher content of CO, 

CO2 or CH4, compared to the estimated value used from All Power Labs. Actual 

measurements of CO, CO2 and CH4 in syngas would further validate the carbon 

mass balance of the syngas combustion.  Nonetheless, both average values for 

CO2 emissions were calculated estimations but should at least dictate the range of 

CO2 emissions useable for enrichment.  

 

4.4.3 Recommendations 

The exhaust gas measurements indicated the priorities to be taken for 

future design modifications of the syngas burner to achieve CO2 enrichment from 

syngas combustion without the addition of flue gas post-combustion control. The 

objective of the design improvements would be to aim at reducing NOx emissions 

while maintaining the low CO and C2H4 emissions. The overall objective of the 

modifications would be to achieve very low emissions directly at the stack, which 

would ease flue gas utilization for CO2 enrichment. With better flue gas quality, 

the absence of cleanup systems would reduce costs and less air dilution would be 

required before injecting into the greenhouse atmosphere.  

4.4.3.1 Burner modifications 

Prior to the experiments presented in this chapter, some burner 

modifications were attempted. While they were not conclusive and discarded from 

the burner used during Chapter 3 & 4 experiments, they provided additional 

recommendations for future burner design improvements.  

A steel mesh with around 60% blockage ratio was placed halfway in the 

burner underneath the secondary air inlet. It was meant to improve air-fuel 

mixture diffusion and reduce recirculation. However, the combustion would 

flashback underneath the mesh, 5 to 10 minutes after ignition. Before flashback, 
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the flame remained at the surface of the mesh while the surrounding burner 

material was heating and glowing red. Without any cooling system, this heat was 

quickly conducted to the bottom of the burner due to the thermal conductivity of 

the burner and the mesh material, both made of steel. Consequently, the incoming 

partly premix gas was then pre-heated and ignited, resulting in a flashback. 

Following the flashback, the flame stayed underneath the mesh and CO emissions 

rose considerably. To temporarily resolve the heat conductance problem, an array 

of copper tubes (12.7 mm diameter) was placed around the exterior of the swirl 

burner to dissipate some of the heat. It was expected that the heat at the top of the 

tubes would induce natural convection through the tubes and suck cooler air at the 

bottom. Still, the tubes only helped in preventing flashbacks for a few more 

minutes. Moreover, the high temperatures of the burner material prevented the 

integration of an oxygen sensor to monitor the A/F ratio in real time. These trials 

pointed out the necessity of replacing the burner material with high temperature 

metal alloys or refractory materials, which would improve the burner integrity, 

maintain good flame temperatures and reduce heat conductance leading to the air-

fuel mixture pre-heating. 

Another trial was made by placing a 38 mm thick bed of alumina spheres 

(3 mm diameter) as an improvement to the steel mesh, with the intent of these 

refractory spheres acting as a flame arrestor. For this trial, syngas combustion 

produced a blue, non-luminous flame with very low emissions, but which lasted 

less than 10 minutes. Ultimately, the burner material and the copper tubes quickly 

conducted heat to the bottom of the burner, most likely pre-heating the air-fuel 

mixture and causing flashback. The pressure drop across the bed might also have 

been a nuisance. The air-fuel mixture seemed to be injected in the burner with 

high flow and velocity. The flame cones were emerging mostly on the side of the 

burner and were stretching for almost 20 cm. The flow could not be reduced since 

it was controlled by the primary needle valve used to control the gasifier vacuum 

pressure and maintain proper core temperatures. Littlejohn et al. (2007) had 

concluded that flashback was not significantly affected by pressure but mostly by 

gas pre-heating and presence of hydrogen. Consequently, the porous bed seemed 



130 

to be better suited for much leaner gas mixture, prone to flame blow-off, with 

lower flow rates that could take advantage of this design and could benefit from 

pre-heating (Wood and Harris, 2008).  

This particular trial illustrated problems due to pressure drops and 

necessities of flame arrestors. Flashback arrestors are recommended for safety 

reasons. Refractory type materials with very low heat transfer properties, placed at 

the entrance of the burner combustion chamber, would help in preventing flames 

from propagating upstream. A flashback arrestor can also improve the initial air-

fuel mixture distribution (Wood et al., 2009). To solve the issues caused by high 

pressure drops, the alumina spheres could be replaced by small saddles of 

alumina, which could minimize the pressure drop according to Wood et al. 

(2009). However, additional maintenance would be needed as some remaining 

syngas tars would condensate on the flame arrestor, which, in time, would clog 

the burner inlet.  

From the literature, the low-swirl burner from Littlejohn et al. (2010), 

described in section 4.2.4, would be a very appropriate design to improve the 

GEK syngas combustion. The burner injector, consisting of swirl blades 

surrounding a center channel, improves the flame diffusion and stability, while 

providing a more homogeneous distribution of the air-fuel mixture. This design 

ensures an optimal air-fuel mixing, which is necessary to achieve near complete 

combustion and lower CO, VOCs and PAH emissions. It also effectively prevents 

recirculation zones in the combustion chamber, thus reducing thermal NOx 

formation. The burner could be further tested with the operational condition of the 

GEK to assess its application for CO2 enrichment.  

The double layer mesh catalyser suggested by Li et al. (2009) could be an 

addition to test in conjunction with the low-swirl burner if NOx and CO emissions 

were still an issue. A first layer of catalyser material could replace the center 

channel screen of the low-swirl burner. The second mesh would be placed 

downstream to further reduce emissions. With these mesh, thorough attention 

should be given to the blockage ratio in order to minimize pressure drops.  
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The syngas combustion would also benefit from a more efficient heat 

exchanger, such as water cooling. It was observed that the stack temperature rose 

up to 631.6°C, signifying heat losses due to low heat exchange efficiency and 

longer residence time at high temperatures for the flue gas. This extended 

residence time for flue gas is prone to generate thermal NOx. Therefore, a better 

heat exchanger would improve heat recovery for use in the greenhouse while 

potentially reducing NOx emissions.  

From the experimental results, it was calculated that the primary air inlet 

supplied enough air to pre-mix with the syngas and provide adequate ER between 

1.5 and 2.5, which fell in the optimal range mentioned by Quaak et al. (1999). To 

better compare the currently obtained results with future experiments, the range of 

ER should therefore be kept between 1.0 and 4.0. Additionally, since the flame 

often stretched outside of the burner, future design should also increase the burner 

diameter to reduce the air-fuel mixture injection velocity. 

 

4.4.3.2 Instrumentation 

Future avenues of research on this topic should assess fine particulate 

emissions to ensure that they respect ASHRAE standards. This information would 

further improve the safety of CO2 enrichment from syngas combustion. Such 

analysis for exhaust gas is achieved isokinetically, which consists of sampling gas 

at the same velocity as the source flue gas velocity (Eller et al., 1984; Reed et al., 

1988; De Nevers, 2000). Isokinetic sampling is used for particulates larger than 

10 μm to ensure representative particle size distribution (Reed et al., 1988).  

Emissions of unburnt hydrocarbons (UHC) or VOCs should also be 

measured and reduced accordingly. Reduction of these compounds seems to be 

related to the reduction of CO. Indeed, high flame temperature and optimal 

oxidation of the fuel by pre-mixing air-fuel promotes reduction of both CO and 

VOC (Van Loo and Koppejan, 2008). It could then be assumed that due to the low 

concentrations of CO observed in this research project, VOC concentrations were 
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relatively low as well. Still, the orange color of the flame indicated that a certain 

amount of soot was produced in the flue gas, contributing to UHC emissions. 

Therefore, future measurements of total VOC, or UHC, emissions along with 

actual syngas composition would confirm the level from which they should be 

reduced. 

The burner instrumentation would benefit from digital flow meters and 

pressure gauge to datalog continuously the flows injected to the burner. Digital 

measurements could monitor real time flow variations and investigate 

relationships between the behaviour of the gasifier reactor and the syngas 

combustion. Real time digital measurements could also be integrated in an 

automated control for the syngas combustion and ensure a steady pre-determined 

air-fuel mixture flow to the burner dependent on the trial. Exact flow 

measurements at the chimney and at the air inlet of the gasifier reactor would 

improve the accuracy of the mass balance analysis. The addition of a complete 

syngas analysis would improve the accuracy of the syngas mass flow to the 

burner. Additionally, following the modifications in the burner design with 

refractory material, preventing air-fuel pre-heating and a stable flame, it should be 

safer to use an oxygen sensor without the risk of damaging it. Considering that the 

equivalence ratio for syngas combustion, presented in this research project, 

consisted of estimations based on literature, these instrumentation improvements 

would provide better accuracy to ER values.   
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4.5 Conclusion 

 

The objective of this research project was to monitor the performance of a 

syngas burner in terms of exhaust gas composition and to identify potential 

improvements for the burner design. The steel swirl burner was operated with an 

average equivalence ratio of 2.6, which produced an average CO concentration of 

8.8 ppm. About 60% of the trials were below the ASHRAE standards, while 90% 

were below 20 ppm. The NOx emissions would need to be reduced in future 

research, since the average concentration was 23.6 ppm. The SOx emissions were 

negligible at ppm levels. The ethylene emissions were also found to be negligible 

and below the critical concentration of 50 ppb for CO2 enrichment. The 

theoretical exhaust gas CO2 concentrations were below the calculated 

concentrations obtained from the portable analyzer. This difference indicated that 

the actual syngas composition could be different than the estimated composition 

used in the calculations and that the actual CO2 enrichment potential of GEK 

gasifier was probably higher.  

These results are promising since we were able to reach low 

concentrations for some important exhaust gas compounds, even before 

implementing modifications to burner design. These burner improvements would 

aim at reducing NOx emissions and further improving the syngas combustion 

efficiency, by integrating the low swirl design, the use of mesh catalysers, better 

refractory material and a better heat exchanger. Continuing research on this topic 

should look at emissions of particulate matter and VOCs. By trying to reach near 

complete combustion of syngas, we are closer to making CO2 enrichment from 

biomass feasible, but we are also contributing in improving biomass gasification 

technologies as clean and efficient heating systems.  
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Chapter 5: General Conclusion 

 

Sustainable development and energy efficiency are important driving 

forces of current technological innovations. Biomass energy has the advantage of 

being considered carbon neutral and being a renewable energy source for which 

the technology is readily available. Greenhouse producers are using biomass 

heating to reduce the thermal energy costs and the environmental footprint of their 

operation and could further reduce their greenhouse gas emissions by using the 

exhaust gas carbon dioxide for enrichment and improving crop yield.  

The main goal of this Master thesis project was to identify and explore 

research avenues for CO2 enrichment using a biomass heating systems. A review 

of current literature investigated different aspects of CO2 enrichment from 

biomass and the potential research projects surrounding biomass gasification 

including: syngas combustion, optimisation of biomass heating systems 

efficiency, optimal CO2 enrichment management, fertilizer production from wet 

scrubbers and separation of CO2 from polymer membranes. 

Biomass gasification technology was selected since it offers lower 

emissions and better control when compared to direct combustion. Gasification is 

a thermo-chemical reaction, which converts solid biomass into a gaseous fuel, 

known as syngas. Our research goal was to reach complete combustion of the 

syngas produced by the gasifier to reduce toxic exhaust gas compounds below 

safety levels directly at the stack and avoid the use of post-combustion cleaning 

systems. This research was performed using a downdraft gasifier with several 

experimental runs to monitor its performance. Wood pellets (hardwood sawdust) 

were used as the biomass fuel source. Monitoring of temperatures and pressures 

across the gasifier provided data to allow optimal gasification operations in terms 

of reactions temperatures, biomass fuel depletion rate, ash grate shaking, micro-

explosions detection, char bed packing and pressure drop across the packed bed 

filter. The gasifier operated with an estimated average equivalence ratio (the 

actual air to fuel ratio relative to the stoichiometric air to fuel requirement) of 
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0.17, below the optimal value of 0.25, and achieved a cold gas efficiency of 59%. 

Results from the experiments showed that the gasifier running with wood pellets, 

at a rate of 7.7 kg/hr, could provide a maximum of 22.9 kW of thermal energy and 

could theoretically enrich a maximum of 1540 m
2
 of greenhouse surface area. 

Further analysis indicated that biomass, following combustion or gasification, 

could provide more CO2 for greenhouse enrichment than propane or natural gas 

per unit of energy. 

Syngas combustion performance was monitored using a flare combustion 

system for gaseous emissions including CO, CO2, NOx, O2, SO2 and C2H4. The 

steel swirl burner was operated with an average equivalence ratio of 2.6, which 

produced an average CO concentration of 8.8 ppm. About 60% of the trials were 

below the ASHRAE standards of 11 ppm, while 90% were below 20 ppm. The 

average concentration of NOx emissions was 23.6 ppm, much above the ASHRAE 

standards of 0.05 ppm. The SOx emissions were below ppm levels, while C2H4 

emissions were below the critical concentration of 50 ppb for CO2 enrichment. 

The theoretical exhaust gas CO2 concentrations were calculated as part of this 

thesis and were below the calculated concentrations obtained from the portable 

gas analyzer. This difference indicated that the actual syngas composition was 

different than the estimated composition used in the calculations and that the 

actual CO2 enrichment potential of the gasifier could have been higher. 

Considering that some of the undesirable exhaust gas compounds were 

kept below safety levels demonstrated that syngas combustion may present a 

promising renewable alternative for CO2 enrichment. This research project has 

achieved the first steps in facilitating CO2 for greenhouse enrichment from a 

biomass heating system, while contributing to the general knowledge on biomass 

gasification and syngas combustion. In preparation for actual tests inside of a 

greenhouse, future research avenues should look at improving the controls of the 

gasifier operation, modifying the burner design, comparing performance with 

other sources of biomass and assessing the exhaust gas for VOC and particulate 

matter emissions. 
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Abstract  

 
According to location and seasonality, ambient temperatures and CO2 concentrations 

are often confounding to the optimal photosynthetic efficiency of greenhouse crops. The 

stimulatory nature of temperature and CO2 enrichment on plant growth, conventionally 

administered by fossil fuel based technologies, has been amply evidenced in the literature. Such 

technologies are however problematic as they are energy intensive and based on imported non-

renewable resources- highly subject to market fluctuations. As an energy intensive practice, the 

Canadian greenhouse industry therefore stands strongly to benefit from ameliorated efficiency 

and an evolution towards the implementation of renewable and sustainable technologies. 

Among available alternatives, biomass systems, particularly those operational on wood and 

wood wastes have been favored. This study draws upon previous investigations of the potential 

to utilize CO2 derived from wood-pellet gasification conducted at the Macdonald Campus of 

McGill University. The goal of the project herein described is to implement a sustainable wood 

pellet system to jointly heat and enrich CO2 for greenhouse production. The design and 

preliminary experimental phase of the project were conducted between February and August 

2011 and the following objectives were achieved: preliminary CO2 greenhouse enrichment by 

conventional propane, design and implementation of a biomass-based greenhouse heating 

system, preliminary exhaust gas emission characterization.  Future developments will involve 

the development of a treatment, dilution and dissipation scheme to safely render the exhaust 

gas to the greenhouse. 



Résumé 
 

Selon la localisation et les saisons, les températures ambiantes et les concentrations en 

CO2 sont souvent associées à l’optimisation de la photosynthèse pour les cultures en serres. Le 

caractère stimulant de la température et de l’enrichissement en CO2, dont la production se fait 

conventionnellement par la combustion de combustibles fossiles ou par l’achat de CO2 pure, 

pour la croissance des plantes a été amplement mis en évidence dans la littérature. Les 

technologies actuelles ont toutefois le désavantage d’utiliser des ressources non-renouvelables 

et fortement soumises aux fluctuations des marchés. Puisqu’elle est associée à des 

consommations énergétiques élevées, l’industrie des serres canadiennes est apte à bénéficier 

de solutions modernes d’efficacité énergétique et à se tourner vers l’implantation de 

technologies renouvelables et durables. Parmi les alternatives disponibles, les systèmes de 

chauffage à la biomasse forestière résiduelle connaissent présentement un essor au Canada. 

Cette étude s’appuie sur des recherches menées précédemment au Campus Macdonald de 

l’Université McGill concernant le potentiel d’utilisation du CO2 à partir de la gazéification de 

granules de bois. L’objectif de ce projet est de mettre en place un système de chauffage aux 

granules de bois pouvant chauffer une serre de recherche et enrichir en CO2 la production de 

laitue et de tomates. Le projet a été effectué pendant les mois de Février - Aoûts 2011, et les 

objectifs attîntes sont les suivantes : expérimentation préliminaire d’enrichissement de CO2 a 

base de propane, et la réalisation d’un system de distribution de chaleurs suivants la 

combustions de biomasse. Suite a ce projet les développements nécessaire seront d’établir un  

system de traitement et de dilution pour l’exhausse, afin de rendre le dioxyde de carbone a la 

serre de façon sécuritaire.  
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Table 1, Summary of Nomenclature 

Parameter Description Units 

Q Heat demand  W 

U Overall heat transfer coefficient W/(m°C) 

A Total greenhouse cover area m2 

Ti Indoor greenhouse temperature K 

To Minimum Outdoor temperature K 

   

   



Chapter 1: Introduction 
 

1.1 General Introduction  

According to location and seasonality, ambient temperatures and CO2 concentrations 

are often confounding to the optimal photosynthetic efficiency of greenhouse crops. The 

stimulatory nature of temperature and CO2 enrichment on plant growth has been amply 

evidenced in the literature (Wittwer and Robb 1964; Cure and Acock 1986; Mortensen 1987). A 

greenhouse heating and enrichment scheme is necessary to amend ambient conditions for 

optimal yield efficiency. Conventional means have appropriated fossil fuel based technologies to 

jointly heat the growth environment and enrich CO2. Such technologies are however 

problematic as they are energy intensive and often based on imported non-renewable 

resources- highly subject to market fluctuations.  

The economic crisis of 1974 developed as a result of disruptions in the distribution of 

petroleum to markets, this event highlighted the fragility of imported oil dependency, and 

catalyzed concern regarding the economic and environmentally untenable nature of fossil fuel 

consumption (Hatirli, Ozkan et al. 2006). Recent fluctuations and rises in petroleum prices have 

promoted the immediacy for greenhouse producers, burdened by the energy intensive nature of 

their practice, to consider adopting alternative operating fuels and technologies. Results from 

the literature attest to the heavy fossil fuel consumption of the greenhouse industry and 

recommendations for the development of new, alternative energy technologies are instated 

(Hatirli, Ozkan et al. 2006). Efficient use of the energy resources is vital in terms of increasing 

production, productivity, competitiveness of agriculture as well as sustainability of rural living 

(Hatirli, Ozkan et al. 2006).  

Heat and fertilization with CO2 constitute the two principal input elements required for 

greenhouse vegetable production (Chau, Sowlati et al. 2009). Together with light, carbon 

dioxide is necessary for photosynthesis; supplementing these elements promotes an 

environment stimulatory to favorable crop responses. Among alternative energy regimes, 

biomass systems, particularly those operational on wood/crop residue and pellets, have been 



favored, namely because the input feedstock is locally available, occupies a stable market 

economy, and corresponds favorably to current environmental initiatives and policies. Yet, 

navigating the techno-economic challenge of optimizing a biomass based energy system is 

complicated by the vast diversity of potential feedstocks (forestry products, agricultural 

residues, energy crops and waste streams), the variety of conversion technologies and end-use 

applications (power/heat generation and transport fuels) (McKendry 2002). The relevant 

literature has principally investigated the logistics of feedstock pre-processing and the 

evaluation of one technology over another, yet limited research has investigated the feasibility 

and economics of utilizing wood/wood residue systems within the context of greenhouse 

production (Chau, Sowlati et al. 2009). Despite this, preliminary investigations have showcased 

the promising potential of utilizing biomass, namely landfill biogas and corn, as combustion 

mediums for heating and CO2 amendment to the greenhouse environment (Jaffrin, Bentounes 

et al. 2003). Most recently, the promising potential of utilizing CO2 generated from biomass 

gasification has been evidenced (Dion 2011) 

As an energy intensive sector, the Canadian greenhouse industry of vegetable and 

ornamental crop production stands therefore strongly to benefit from an ideological 

reformation towards renewable sources of energy. Among available technologies, biomass 

systems, particularly those which operate on agricultural and forestry residues, have been 

favored because they introduce the opportunity to utilize a local, renewable and carbon neutral 

resource base. Furthermore, within the context of greenhouse production, biomass conversion 

technologies generate carbon dioxide. With appropriate treatment and dilution to yield a 

carbon dioxide stream of sufficient quality, the CO2 emissions could be delivered to the 

greenhouse growth environment to stimulate plant growth.  

The objective of the experiment herein described, was to implement a biomass-based 

greenhouse heating system and monitor its performance by exhaust gas characterization. 

Preliminary greenhouse CO2 enrichment experiments were conducted to derive baseline 

biomass yields for conventional propane enrichment schemes.  

 



1.2 Overall Objectives of the Biomass Heating Project 

The experimentation and design herein described is constituent to the Biofuel Heating 

Project of McGill’s Biomass Production lab. The project has sought to develop a biomass based 

heating and CO2 enrichment scheme for agricultural greenhouses. Generally, the project 

objectives can be summarized as follows: 

• Objective 1:

• 

 Characterize the potential to derive usable CO2 from biomass conversion 

technologies, including: biomass gasification and biomass combustion 

Objective 2:

• 

 Utilize the heat and exhaust gas of a biomass system to deliver CO2 to 

enhance plant productivity with little additional post-conversion treatment 

Objective 3: 

1.3 Scope of Present Research  

Characterize yields of biomass from conventional  and biomass-based 

enrichment schemes  

 

The research project described herein details the design of a pilot-scale biomass  

heating system for greenhouse production, including: the construction of a heat delivery 

system, preliminary exhaust gas results, and baseline biomass yield values for 

conventional propane enrichment. The experiments for this engineering research project 

were conducted between February and Augsut 2011 at the Horticultural Centre of the 

Macdonald Campus of McGill University. The campus is located in Sainte-Anne-de- 

Bellevue, at the western tip of the island of Montreal (Quebec, Canada). 
 



Chapter 2: Literature Review 
 

The present chapter offers a review on the current status of biomass combustion 

technologies- highlighting the opportunities they introduce within the context of the 

greenhouse production industry. Furthermore, it offers a knowledgebase of biomass 

characteristics, feedstock suitability, principles of conversion technologies and exhaust gas 

characterization. To date, no satisfactory means have been devised to utilize both the heat and 

exhaust gas of combustion  

2.1 Greenhouse Crop Production  
 

Greenhouse production systems represent an auspicious means of achieving optimized 

ambient parameters in the growth environment. Such systems are further favorable for they 

permit the yearlong production of crops where climatic factors may otherwise preclude the 

potential to do so. The greenhouse production industry is evolving in popularity worldwide. In 

Canada, the total area allocated to greenhouse production increased by roughly 4.8% between 

2008-2009, this was coupled with a 10.4% increase in sales of greenhouse products (Statistics-

Canada 2009). The Canadian greenhouse industry of vegetable and ornamental crop production 

represents over a billion dollars in sales annually, and as such, occupies a significant portion of 

the Canadian agri-food sector (Bailey-Stamler, Samson et al. 2006). In Canada, there are 

currently 22.9 million square meters under greenhouse cultivation- 90% of which situated in the 

provinces of: British Columbia (25%), Ontario (52.5%) and Quebec (12%) (McKenney, 

Yemshanov et al. 2011). To emphasize the context of Quebec production, there are a total of 

730 greenhouses in the province, which collectively occupy a total surface area of approximately 

2.6 million square meters (Statistics-Canada 2009).  

2.1.1 Important Greenhouse Crops 
 

The most important crops relevant to the context of Canadian greenhouse production 

include lettuce, tomato, cucumber, and sweet pepper (Statistics-Canada 2009). The context of 

the present project involves the cultivation of lettuce and tomato production exclusively, and as 

such, the following review is limited to these two crops. The tomato is recognized as one of the 



world’s most important fruit crops and is a rich source of nutrients, namely vitamins A and C 

(Razdan and Mattoo 2007).  The popularity of tomato consumption, coupled with its inherently 

high nutritive content, renders it one of the most important sources of nutrition present in the 

human diet.  In 2009 there was a total of 4.97 million square meters allocated to the production 

of tomatoes in Canada, principally located in the provinces of Ontario (3.16 million m2), British 

Columbia (1.13 million m2) and Quebec (0.51 million m2) (Statistics-Canada 2009). Greenhouse 

tomato production and value have more than double since 1996; the industry now representing 

roughly 58 percent of greenhouse vegetable production in Canada (Agri-Food-Canada 2010). 

Sales of tomatoes increased by 13.1% in 2009, accounting for almost $434 million (Statistics-

Canada 2009). Canadian greenhouse tomatoes are available from March to December and 

experience peak productivity in May (Agri-Food-Canada 2010). At present, the feasibility of 

providing year round supply of Canadian greenhouse tomatoes is challenged by low light levels 

and low temperatures from December to February, which necessitate costly operating expenses 

to amend to favorable conditions (Agri-Food-Canada 2010). Greenhouse tomatoes are generally 

priced higher than field-grown tomatoes due to the higher operating expenses incurred in their 

production- namely fuel which experienced a 44% cost increase between 1999 and 2000(Agri-

Food-Canada 2010). However, yields of greenhouse tomatoes are much higher as well (in 

Canada, yield for greenhouse tomatoes is approximately 187 metric tonnes/acre compared to 

26 metric tonnes/acre for field tomatoes) (Agri-Food-Canada 2010). The production of tomatoes 

in 505.5 million pounds and accounted for a farm gate value of over 434 million dollars in 

Canada (Statistics-Canada 2009). Furthermore, greenhouse tomatoes are largely recognized to 

be of higher quality than their field-grown counterparts (Agri-Food-Canada 2010). Unlike field-

grown tomatoes, those cultivated in greenhouses are allowed to ripen on the vine and are 

harvested when reddening begins (Agri-Food-Canada 2010). Butterhead lettuce (Lactuca sativa 

var. capitata), is the only cultiva of lettuce presently grown in greenhouses. In 2009 there was a 

total of 183 551 square meters allocated to the production of greenhouse lettuce in Canada, 

accounting for a farm gate value of 22 million dollars (Statistics-Canada 2009).  



2.2 Greenhouse Heating and CO2 Enrichment 
 

Heat and fertilization with CO2 constitute the two principal input elements required for 

greenhouse vegetable production (Chau, Sowlati et al. 2009). Together with light, carbon 

dioxide is necessary for photosynthesis; supplementing these elements promotes an 

environment stimulatory to favorable crop responses. The demands for heat and CO2 vary 

according to seasonality, locality and crop specific parameters (Chalabi, Biro et al. 2002).The fuel 

expenditure necessary to achieve optimal growth conditions represents roughly 28% of total 

greenhouse operating costs (Chau, Sowlati et al. 2009). In 2009, the national expenditure on 

greenhouse electricity, natural gas and heating oil was roughly $52 million, $180 million and $38 

million dollars, respectively (Statistics-Canada 2009).  Greenhouse operating expenses have 

increased by 9.0% between 2008 and 2009, totaling $2.1 billion (Statistics-Canada 2009). The 

fuel expenditure necessary to achieve optimal growth conditions represents roughly 28% of 

total greenhouse operating costs (Chau, Sowlati et al. 2009). Indeed, Canadian greenhouse 

production is an energy intensive industry, which based largely on fossil fuel resources, is 

rendered vulnerable by the volatility of the fossil fuel market. The Canadian greenhouse industry 

therefore stands strongly to benefit from ameliorated efficiency and an evolution towards the 

implementation of renewable and sustainable technologies. 

2.2.1 Greenhouse Heating  
 

Auxiliary heating must be supplied to amend ambient greenhouse temperatures to 

conditions favorable to crop productivity. In general, it is recommended that greenhouse 

temperatures be maintained between 16 -27 °C, as influenced by locality, seasonality, nature of 

the greenhouse structure and crop specific parameters (Nelson 1998). The magnitude of heat 

input to the greenhouse is dictated according to the amount of heat lost by conduction, 

radiation and ventilation- the former, manifested as heat lost through the building material 

(glass, plastic and aluminum frame), contributes most significantly to the total heat loss (Nelson 

1998; Chau, Sowlati et al. 2009). Heat loss due to absolute humidity is deemed negligible for 

moderate climates and thus omitted from consideration. Greenhouse heating requirements (Q) 

can be described according to the following relationship (ASAE 2003):  



Equation 1, Greenhouse Heating Requirements 

 

Q = U * A*(Ti − To)  

 

Greenhouse heating fuel costs, which typically represent 20-35% of total production 

costs, constitute the most significant operating expenditure for greenhouse producers 

(McKenney, Yemshanov et al. 2011). Conventionally, fossil fuels have been employed to heat 

the greenhouse growth environment. In Quebec, propane (17%), natural gas (17%) and 

electricity (26%) represent the most significant means of greenhouse heating (SPSQ, 2007). 

Natural gas systems have been favored largely because of their low capital cost, high 

combustion efficiency and, most importantly, the opportunity to derive carbon dioxide from the 

boiler flue gas (Chau, Sowlati et al. 2009). Concerns of energy security and independence, the 

volatility of fossil fuel prices and rising global CO2 emissions, have catalyzed interest in 

developing alternative energy systems for greenhouse crop production (McKenney, Yemshanov 

et al. 2011). With the rise of natural gas price and environmental concerns, the greenhouse 

industry in BC is converting to wood biomass heating systems (Chau, Sowlati et al. 2009). The 

utilization of biomass burners in the greenhouses of the Greater Vancouver and Fraser Valley 

Regional District has exhibited increased prevalence since 2001 (Chau, Sowlati et al. 2009).  

  Among available technologies, biomass systems, particularly those which operate on 

agricultural and forestry residues, have been favored because they introduce the opportunity to 

utilize a local, renewable and carbon neutral resource base. Furthermore, within the context of 

greenhouse production, biomass conversion technologies generate carbon dioxide. With 

appropriate treatment and dilution to yield a carbon dioxide stream of sufficient quality, the CO2 

emissions could be delivered to the greenhouse growth environment to stimulate plant growth. 

Biomass heating can sustain the heating requirements of large surface buildings in northern 

climates which necessitate high thermal energy inputs that cannot be practically satisfied by 

other renewable resources such as solar and wind, or economically when using hydro-powered 

electrical or geothermal heating. Conversion to biomass heating systems for medium-large size 

greenhouses becomes economically feasible when heating oil prices exceed CDN 0.70$/Liter 

(21-year bioenergy project life span). Biomass substitution from natural gas becomes financially 

attractive when prices achieve $0.45/m3 (McKenney et al., 2010). The literature reports on a 



small number of successful examples of greenhouses heated by waste heat recovery from 

industrial plants, or by direct utilisation of geothermal heating sources, namely in Italy (Chinese, 

Meneghetti et al. 2005) 

2.2.2 Greenhouse CO2 Enrichment 
 

Plant dry matter is comprised principally of carbon (Salisbury and Ross 1969). The 

constituent carbon of plants is sourced from CO2 gas present in the ambient air; it is introduced 

into the plant via the stomata and is subsequently fixed and transformed into simple 

carbohydrates through a series of reactions defined as the Calvin Benson cycle (Mortensen 

1987). Carbon dioxide attains the Calvin cycle through one of three metabolic pathways: the C3, 

C4 or CAM pathway. The nature of the pathway is governed according to plant speciation. 

Together, with the precursory light dependent reactions, these processes comprise the 

phenomenon of photosynthesis (Salisbury and Ross 1969):  

6CO2 + 2H2O  C6H12O6 + 6H2O 

Although the C3 pathway is executed by the majority of plants on earth and relevantly, 

the one pertinent to greenhouse crops, it is not the most efficient at fixing CO2. Ambient 

concentrations of CO2, which reside at an estimated global average of 389ppm, do not favor the 

optimal photosynthetic efficiency of C3 crops (Tans, 2011).  This phenomenon has been 

attributed to competition between atmospheric CO2 and O2 fixation by the ribulose 

bisphosphate carboxylase (RuBisCo) enzyme at ambient conditions. In brief, ambient O2 

concentrations inhibit the uptake of CO2 and promote a light-dependent respiratory loss of 

carbon. As much as half of the fixed CO2 may be rendered to the atmosphere- the detriment of 

which, is manifested as reduced biomass assimilation (Mortensen 1987). 

Carbon dioxide enrichment of the plant growth environment is a well established means 

to increase photosynthetic rates and overcome the inherent C3 yield inefficiency at ambient 

conditions(Cure and Acock 1986). Higher carbohydrate production rates, contributing to a 

higher biomass yield, are achieved when the photorespiratory loss of carbon is mitigated in 

enriched environments (Mortensen 1987). The mechanism involved in CO2-ameliorated 

photosynthesis is attributed to the attenuated binding affinity of RuBisCo in enriched 

environments (Mortensen 1987).  The benefits of CO2 enrichment on characteristic parameters 



of favorable crop productivity have been amply evidenced in the literature. In greenhouse 

experiments, where neither, water nor nutrient factors, are limiting, an increase in plant growth 

is observed coincident with an increase in CO2 concentration (Kramer 1981). Comprehensive 

reviews of the literature, compiling decades of investigations, have observed that enriching 

ambient CO2 concentrations by 30% leads to an approximate 30% increase in crop yield (Kimball 

1982). Biomass production and secondary metabolite composition in crops subjected to 

enriched environments have exhibited highly variable patterns of response between species and 

according to the influence of experimental cofounders (Save et al., 2007). Consequently, few 

studies have defined definitive, or universally optimal, CO2 concentrations for enrichment. On 

average however, greenhouse crops benefit from concentrations between 600 and 900ppm CO2 

(Mortensen 1987). At these concentrations, greenhouse crops are more fruitful-producing larger 

and more plentiful fruit, experience increased yields up to 50%, bear larger leafs and flowers, 

require shorter production periods and reduced light intensity (table 2). Emerging evidence 

suggests that favorable hormonal responses, such as enhanced composition of secondary 

compounds including essential oils and antioxidants, are observed in crops subjected to CO2 

enriched growing conditions (Tisserat and Vaughn 2001). Enrichment concentrations above 

900ppm however, have very seldom exhibited beneficial effects on crop yields (Mortensen 

1987). In fact, subjugation of crops to carbon dioxide concentrations exceeding 1500 ppm can 

be detrimental to plant growth and furthermore, may induce permanent damage including: 

chlorosis, necrosis and curling of the leaves (Mortensen 1987). 

 



Table 2 Summary of Literature on Crop Responses to CO2 Enrichment 

Crop Observed Effect Reference 

Lettuce ↑30% in biomass 

↓15-20% Production time 

(Wittwer and Robb 1964) 

Tomato ↑50% in biomass 

↑30% in yield 

↑# Fruit, and fruit size 

↓Time to flowering 

 

(Wittwer 1966) 

Cucumber ↑50% in biomass 

↑30% in yield 

↑# Fruit, and fruit weight 

 

(Mortensen 1987) 

Eggplant ↑50% in yield 

↑# Fruit, and fruit weight 

↓Time to flowering 

 

(Milhet and Costes 1975) 

Peppers ↑50% increase in biomass 

↑# Fruit, and fruit size 

 

(Milhet and Costes 1975) 

 
A constant flow of CO2, the magnitude of which dictated by crop specific parameters, 

ventilation and CO2 loss, is recommended during the entire irradiation period (from sunrise to 

sunset) (Kimball 1982; Mortensen 1987). Likewise heating, ventilation is deemed the most 

influential parameter on the performance of CO2 enrichment regimes. During conditions of 

reduced ventilation-characteristic of the winter period- CO2 levels may near depletion. While 

conversely, in summer conditions, which experience full ventilation, most of the generated CO2 

will be rendered to the external environment via ventilation. In general, achieving optimal 

growth conditions involves supplying approximately 3-4 kg/1000 m2 CO2 per hour. In practice 



however, it is not uncommon to inject between 20-50 g/(m2/hr) (Edwards 2008). Results from 

the literature suggest that plants subjected to a perpetually enriched growth environment 

however, exhibit a decrease in growth over time- characterized by lower growth rates than 

expected over the long term relative to forecasts generated from short-term observations 

(Mortensen 1987). Intermittent application regimes have been proposed to overcome the 

attenuated yield effect of continuous enrichment scheduling. Injecting higher concentrations of 

CO2 than required prior sunset, has also been proposed as a means of overcoming the 

attenuated yields of continuous CO2 application (Longuenesse 1990). If successful, the same 

yield benefits could be achieved with less expenditure on CO2 enrichment (Mortensen 1987). 

Experimental results however suggest improved benefits to crops subjected to continuous, 

rather than intermittent, CO2 application (Clough and Peet 1981). This is supported by previous 

findings that have observed decreases in crop yields coincident with reductions in enrichment 

period (Calvert and Slack, 1976). Accordingly, it is recommended that despite the attenuated 

response over the long term, that continuous enrichment be applied when the availability of 

resources permits (Mortensen 1987). Emerging research, Inspired by the observation that plants 

fix only a limited portion of the generated CO2 at a time, proposes an alternative plant-based 

approach to CO2 management (Edwards 2008). Edwards (2008) suggests that the parameter 

defined as the leaf mass per unit area could be utilized to evaluate whether or not crops would 

benefit favorably from the appropriation of CO2 enrichment at a given time. 

The two principal means by which CO2 can be supplied for greenhouse enrichment 

involves direct application of pure liquid CO2 and by application of conversion exhaust gases 

(Chalabi, Biro et al. 2002). The former, the most costly of enrichment techniques (prices ranging 

from C$120-$200/tonne of CO2), offers the greatest ease for achieving optimal greenhouse CO2 

concentrations (Chau, Sowlati et al. 2009). Furthermore, it may be the preferred strategy when 

the risks of crop injuries precludes the use of exhaust gas techniques-which under unfavorable 

conditions, may introduce noxious compounds to the growth environment (Mortensen 1987). 

 Enrichment regimes which involve application of exhaust derived, rather than pure, CO2 

have reported significant economic benefits (Chalabi, Biro et al. 2002). Indeed, utilizing the 

exhaust stream of heating combustion systems introduces an opportunity to derive a “free” 

source of CO2.  Under such circumstances, the yielded CO2 is deemed “free” for it is derived 

from necessary heating processes, which are conducted irrespective of subsequent enrichment 



applications. Heating exhaust streams are mixed with external air to dilute the concentration of 

noxious compounds, decrease the flue gas temperature, and condense the water vapor. The 

cooled and diluted gases are subsequently distributed through the greenhouse with standard 

circulation fans or perforated tubing (Chalabi, Biro et al. 2002). At present, a small number of 

studies have investigated the potential of biomass derived CO2 exhaust gases for greenhouse 

applications. Preliminary investigations have reported on the potential of exhaust gases derived 

from landfill biogas and corn furnace combustion to stimulate greenhouse productivity by 

supplying both heat and carbon dioxide ( 1998; Jaffrin, Bentounes et al. 

2003). The former utilized the exhaust stream of heterogonous landfill biogas to supply both 

heat and CO2 to a greenhouse (Jaffrin, Bentounes et al. 2003). To mitigate the potential for 

adverse toxicological effects, the exhaust steam was diluted with external air to yield a gas 

stream adherent to ASHRAE standards (Jaffrin, Bentounes et al. 2003). The CO2 was 

subsequently discharged inside the greenhouse where a 30% yield increase was reported 

(Jaffrin, Bentounes et al. 2003). The corn furnace combustion study achieved favorable results. 

In that study, the concentrations of the nitrogen oxide (NOx), sulphur oxide (SOx), CO and 

ethylene (C2H2) were below toxicity levels, while fine particulates were not listed in the report 

( 1998). They reported that 1.7 kg of CO2 was produced from 1 kg of 

corn. In comparison, propane yields 3 kg of CO2 per kg of fuel, while natural gas provides 1.8 kg 

of CO2 per m3.  



2.3 Biomass Combustion  
 

The objective of direct combustion of biomass is to yield heat, which may be used 

directly or subjected to secondary processing. Direct combustion bears the advantage of 

employing commercially well-established technologies, with turnkey systems readily available 

for purchase in the North America (Brown 2003). The exhaust stream of the combustion process 

is reviewed with interest of rendering it to the greenhouse growth environment to promote 

growth. 

2.3.1 Principles of Biomass Combustion  
 

Biomass combustion involves a series of chemical reactions in which carbon is oxidized 

to carbon dioxide, and hydrogen is oxidized to water (Demirbas 2005).The combustion of 

biomass can be defined according to the following distinguishing steps (Quaak, Knoef et al. 

1999) 

 

Figure 1, Combustion Process- Adapted from (Quaak, Knoef et al. 1999) 

 

The combustion of organic materials ensues as a simultaneous, overlapping process. 

Evaporation of moisture represents the initial phase of combustion. Energy released from the 

combustion process is utilized to vaporize water, the temperature of the combustion chamber is 

lowered and consequently the rate of combustion is lessened. The moisture content, as 



described previously, is a very important fuel variable. Subsequently, the dry matter absorbs 

heat expelling volatile gases, which rise and burn. Finally, the fixed carbon burns (Hiler and Stout 

1985). The ignition of biomass defined as the thermogenesis process, requires temperatures 

exceeding 550°C, it has thus been described as the most difficult aspect of the combustion 

process (Quaak, Knoef et al. 1999). During the combustion process, which takes place in the 

furnace, chemical−bound energy in the fuel is converted into thermal energy, which becomes 

available in the form of hot flue gas. This hot flue gas is thus the useful output of the furnace 

(Quaak, Knoef et al. 1999).  

Direct combustion systems vary considerably in their design. Although the fuel choice 

governess the design and efficiency of the combustion system, in general all biomass-based 

systems abide to the following relationships: 

 

Figure 2, Conceptual Biomass Combustion 

 

- Carbon combines with oxygen to form carbon dioxide and release energy. 

C+O2=CO2+ENERGY 

- Hydrogen combines with oxygen to form water and release energy. 

H+O2=H2O+ENERGY 

 



2.3.2 Combustion Emission  
 

Three principle factors are required for the complete combustion of a fuel: (1) heat to 

initiate the reaction, (2) mixing of oxygen or air with the fuel, (3) sufficient time for the 

completion of the reaction (Hiler and Stout 1985).  In practice, ideal conditions of combustion 

are seldom achieved; consequently, incomplete combustion products, including unburned fuel, 

carbon monoxide and nitrogen compounds are yielded (Hiler and Stout 1985). The biomass 

heating exhaust gases of principal concern are carbon monoxide (CO), nitrogen oxides (NOx), 

sulphur oxide (SOx), ethylene (C2H4), other VOCs, and fine particulates (Hannan 1998). Though 

present in lesser concentrations, problematic exhaust gasses also include nitrous oxides (N2O), 

hydrogen chloride (HCl), heavy metals (Cu, Pb, Cd, Hg) , polycyclic aromatic hydrocarbons (PAH), 

polychlorinated dioxins and furans (PCDD/F), ammonia (NH3) and ozone (O3) (Dion, Lefsrud et 

al. ; Van Loo and Koppejan 2008). 

The generation of fine particulate matter is of greatest concern for it exhibits a tendency 

to remain air-born and furthermore, can penetrate and settle deeply within the most sensitive 

regions of the human respiratory system (T.M., Maker, 2004). The preservation of operator 

health necessitates rigorous air quality standards. ASHRAE compliance standards are 

summarized in Table 2 (ASHRAE, 2009).  These values represent conservative values for the 

maintenance of plant health. Abiding to the standards established by ASHRAE should therefore 

ensure acceptable air quality for both workers and crops. 



Table 3: Major Pollutants from Biomass Combustion, Their Impacts and Standard Limits 

 

Compound 

 

Issue 

 

Influencing Factors 

 

ASHRAE 2009 Standard 
Limits 

 
Carbon 

Monoxide 
[CO] 

 
 
 

 

- Chemical asphyxiant, mostly 
problematic for humans 

- Indirect greenhouse gas through   
the formation of ozone 

- Rate of CO generation influenced by the 
oxidation of CO to CO2  

-Insufficient levels of hydrocarbons 
oxidation,  

-Low temperatures (under 1000°C) 

-Short residence time  

11 ppm (8h) 
25 ppm (1h) 

 
 
 
 

Carbon 
Dioxide 

[CO2] 
 

- Greenhouse gas, however in the 
contest of biomass combustion may 
be regarded as CO2-neutral 
 

-Major product of combustion for all 
biomass fuels 3500 ppm 

 
 

Nitrogen 
Oxides  
[NOx] 

 

 

 

 

- Significant reduction in 
photosynthetic rate- induces plant 
stresses such as chlorosis, necrosis 
or growth reduction (Hanan, 1998). 

- Human inhalation interferes with 
O2 transport at the cellular level 
and is a corrosive gas which can 
cause lung damage (ASHRAE 2009) 

-Minor combustion product from 
nitrogen-containing fuels arises from the 
complete oxidation of fuel nitrogen (Van 
Loo and Koppejan 2008) 

 
0.05 ppm 

 
 
 
 
 
 
 

Particles 
PM2.5 

 

- The main concern is with fine 
particulates less than 2 μm which 
can deposit in the lungs. 

-Generated from incomplete combustion 
and improper fuel mixing and inorganic 
compounds present within the fuels (Van 
Loo and Koppejan 2008) 

 

0.25 ppm (1h) 
40 μg/m3 (8h) 

100 μg/m3 (1h) 
Sulphur 
Oxides  
[SOx] 

 
 
 

- Breathing issues; manifestation of 
ashthma and irritation in sensitive 
populations 

-SOx emissions are produced only if 
sulphur is present in the fuel and arise 
from the complete oxidation of fuel 
sulfur (Bennett et al., 1975)(Van Loo and 
Koppejan 2008) 

0.019 ppm 
 

 

VOC* 

Many VOCs are harmful to humans.  
-Can lead to eye, nose, and throat 
irritation; headache; loss of 
coordination; nausea 

 
- Incomplete combustion and improper 

air-fuel mixing 
1 – 5 mg/m3 

 
* Limit for VOCs are usually presented per individual compound. The presented value for VOCs concentration limit is a 
suggested target from Health Canada (HealthCanada, 2007) while limits for C3H4O, C2H4O and CH2O are from 
ASHRAE (2009). 

 



2.3.3 Biomass Feedstocks  
 

An assessment of the use of biomass as a fuel for greenhouse heating and CO2 

supplementation necessitates a fundamental knowledge of the types and sources of biomass, of 

their physical and chemical constituency, and their respective performance potential. Within the 

context of energy production, biomass can be broadly characterized as waste streams, forestry 

products and dedicated energy crops (Demirbas 2001).  The former designates biological 

materials that have traditionally been discarded for lacking apparent value or having been 

deemed a nuisance or pollutant (Brown 2003). Yet, even energy recovered from waste oils 

possesses the potential to be utilized for energy utilization. Presently in Canada, the majority of 

biomass energy is produced from wood and wood wastes (64%), followed by solid waste (24%), 

agricultural waste (5%) and landfill gases (5%) (Demirbas 2005). 

 

Figure 3, Biomass Feedstock Options- Adapted from (Demirbas 2001) 

 

Namely, it is the inherent properties of the feedstock, coupled with the desired nature 

of energy output that govern the choice of bioconversion process (McKendry 2002).It is 

important to note that, while particular plant species may exhibit marked attractiveness for 

subsequent processing technologies, the potential energy embodied in a given biomass source is 

inherent and universal irrespective of the conversion technology. What differs between 

conversion technologies however, is the amount and nature of energy recovered from 

processing (McKendry 2002).  



Particularly relevant to the project herein described, is wood as a feedstock for biomass 

heating and CO2 generation. Wood fuels are derived from natural forests, natural woodlands 

and forestry plantations. The exploitation of wood resources for fuel stocks however, often 

cannot be justified financially and consequently, forestry residues such as bark, sawdust, and 

misshapen or odd−sized pieces are more frequently utilized for fuel-stock processing (Quaak, 

Knoef et al. 1999; Demirbas 2001). Wood is a composite of cellulose, lignin and hemicellulose 

(43%, 36% and 22%, respectively). A typical analysis of dry wood yields carbon (52%), hydrogen 

(6.3%), oxygen (40.5%) and nitrogen (0.4%) (Demirbas 2001).  The proximate analysis of wood 

yields the following composition; wood: volatile matter (80%), fixed carbon (19.4%) and ash 

(0.6%); Bark: volatile matter (74.7%), fixed carbon (24%) and ash (1.3%) (Demirbas 2001). The 

density of wood varies between 400 and 900 kg/m3, and the energy density varies between 

4200-5400 kcal/kg (Demirbas 2001).  Moisture levels vary 5-10%, by the season of the year and 

the species of wood (Maker 2004). Neither hardwoods nor softwoods bear an inherently higher 

BTU (British Thermal Unit) content per pound of dry wood. The amount of energy embodied in 

wood, expressed in BTUs per pound of dry wood, does however vary by species. Burning 

hardwood rather than softwood may be favorable because of hardwood’s inherent advantages 

over softwood. Softwoods are on average about 10% less dense than hardwoods, furthermore, 

the moisture content of softwood may be higher than that of hardwood, by as much as 10% 

(Maker 2004). Together, these two parameters render it such that the same volume of softwood 

may bear significantly less energy than hardwood. 

Wood residue, characterized by a high moisture content (over 50%), low calorific value 

(10-20GJ/t), and high ash content (2.5%)- due to the material impurity and increased ash 

content in the bark, is a relatively low-cost material (Chau, Sowlati et al. 2009). A strategy to 

ameliorate the accessibility of biomass heating fuels is by densification to yield pelletized wood 

products. Wood pellets bear a moisture content between 5–7% and are thus more suitable for 

transportation, storage, and combustion than their non-densified counterparts (Chau, Sowlati et 

al. 2009; McKenney, Yemshanov et al. 2011). Indeed, the conversion of biomass into solid 

pellets or briquettes of uniform size, shape, moisture and density offers an opportunity to ease 

the transportation and handling costs.  

Wood pellets are pressurized wood products, with typical dimensions of 6 mm in 

diameter and lengths varying from 6-24 mm. They exhibit specific density values between 1200–



1400 kg/m3 and a bulk density ranging from 650 to 775 kg/m3. Many advantages of densified 

fuel pellets exist, including uniformity and stability which facilitates more efficient combustion 

control, improved energy density, dust minimization, and the free flowing nature of the fuel 

(Samson and Duxbury 2000). The wood pellet production industry is well established and is 

presently experiencing rapid expansion internationally, including the United States and Canada, 

where production is nearing 4 million tones annually (Tumuluru, Sokhansanj et al. 2010). In 

Canada, the wood pelleting industry has evolved in proximity to industrial wood processing 

plants, namely in the provinces of British Columbia, Ontario and Quebec (Samson and Duxbury 

2000). The typical manufacturing process of wood pellets involves chopping and drying of the 

parent biomass- most commonly utilized are sawdust and shavings from softwood, and hammer 

milled. The dried biomass is subsequently fed through a pelleting cavity the holes of a die 

whereby the friction results in the compaction of the biomass to yield pellets (Tumuluru, 

Sokhansanj et al. 2010). Pellet density, durability, and low ash content are parameters employed 

to define pellet quality (Tumuluru, Sokhansanj et al. 2010). Pellet quality is very important 

because it significantly affects end use applications. Physical properties such as durability and 

bulk density affect the transportation and storage of pellets. Pellet length influences the feeding 

of the pellets into the boiler or gasifier (shorter pellets feed easier than longer pellets). Ash 

content affects the burn efficiency and boiler/gasifier maintenance. Several factors have been 

recognized to influence the success of pelleting including: moisture content, density, particle 

size, fiber strength, lubricating characteristics of the input material (Samson and Duxbury 2000).  

2.3.4 Favorability of Biomass Systems  

Economic Factors  
 

Biomass fuels, as a domestic resource, are not subject to the global price fluctuations or 

supply uncertainties, characteristic of the are fossil fuel equivalents with which they compete 

(Demirbas 2001). They are thus typically less costly and exhibit a more stable market economy. 

A comparative economic analysis of the cost of green hardwood chips to the costs of 

conventional fuels revealed that the net fuel cost of hardwood chips, typically residing at 

roughly $3.10-$5.30, is generally less than half that of conventional fuels, which range between 

$5.70-$43.95 (Maker 2004). Results from a 2006 study conducted in British Columbia indicated 



that the price of wood pellets had experienced a decade long stability in price, which averaged 

around CDN  $5.00/GJ and experienced only minimal fluctuations during that period (DRC 2006). 

Conversely, the price of natural gas, which averaged CND $8.00/GJ fluctuated significantly from 

CDN $5.00/GJ, to more than CDN $14.00/GJ, during the same period (DRC 2006). The trend was 

forecasted to remain consistent for a number of subsequent years.  Furthermore, utilization of a 

locally available feedstock may contribute to both the sustainability and integrity of rural 

economies. Biomass fuels create up to 20 times more employment opportunities than do the 

coal and oil industries with which they compete (Van Loo and Koppejan 2008).It has been 

reported that bioenergy provides more jobs on a per giga joule (GJ) energy basis, than any other 

source of energy (Picchi, Gordon et al. 2006).  Also to be noted, job creation would be located in 

rural areas, where prospects of employment may otherwise be limited or exclusively seasonal 

(Picchi, Gordon et al. 2006). 

Environmental Integrity and Air Quality Factors 
 

The production and utilization of fossil fuels introduces many environmental burdens, 

the consequence of which, manifested on local, regional and global scales. Local issues include 

emissions of carbon monoxide, fine particulate matter, and smog (Brown 2003). Regional 

impacts are principally consequential to acid ride, which is generated from sulfur dioxide and 

nitrogen oxide releases during the combustion process (Brown 2003). At a global scale, the 

principal issue of concern exists from the contribution of combustion-yielded CO2 to the 

development of global climate change (Brown 2003).  

The inherent chemical constituency of biomass renders it favorable as an energy 

feedstock. The moderate greenhouse gas emissions arising consequential to biomass energy 

utilization respond favorably to evolving governmental air pollution control policy (Demirbas 

2001). Biomass utilization is generally deemed a CO2-neutral process, whereby the CO2 released 

by energy conversion processes are subsequently, under sustainable practice, consumed by 

photosynthetic carbon assimilation in biomass growth (Demirbas 2005). Furthermore, within the 

context of greenhouse production, the yielded carbon dioxide can be rendered to the 

greenhouse growth environment to stimulate plant growth. Favorably to this end, combusting 

dry and clean wood biomass produces twice as much CO2 as natural gas per input energy unit 



(Chau, Sowlati et al. 2009).  The inherently low sulfur content of biomass renders emissions of 

sulfur dioxide (SO2), parent compound of acid rain, negligible, especially when compared to the 

combustion of coal (Quaak, Knoef et al. 1999). Burning woody biomass produces 90% less sulfur 

than does the combustion of coal, thus mitigating the potential of generating acid rain 

(Demirbas 2001). Furthermore, the combustion of biomass produces a lesser quantity of ash, a 

product that may be utilized as a soil amendment, than does the combustion of coal (Demirbas 

2001). Finally, the high volatility of the fuel it produces and the high reactivity of both the fuel 

and the resultant char (Demirbas 2005). Accordingly, the substitution from fossil fuels to 

bioenergy systems results in the replacement of a non-renewable energy source and 

furthermore, yields a net reduction in global greenhouse gas emissions (Quaak, Knoef et al. 

1999; Demirbas 2001).  



Chapter 3: Experimental Methodology 

Figure 4- Experiment 1: Propane Enrichment with Control 

Experimental Overview of Project 

 

 
Figure 5- Experiment 2: CO2 Biomass Enrichment with Control 

  

 
Figure 6- Experiment 3: Propane Enrichment with Biomass Enrichment 
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3.1 Site Description 
Experiments were conducted at the Horticultural Center of the Macdonald Campus of 

McGill University in Ste-Anne de Bellevue. The location resides at a latitude of 45°26' N, 

longitude of 73°56' W and elevation of 39meters.  

 

Figure 7: Macdonald Campus, Google Maps 

 

Historical average local temperatures and cumulative precipitation (1971-2000) values 

for Ste Anne de Bellevue, Quebec is presented below. The historical maximum monthly hours of 

sunshine and total number of days with detectable sunshine are depicted below. All data 

sourced from the Canadian Weather Office. 



Figure 8 Ste-Anne de Bellevue Climate Conditions  

 

 

Figure 9 Ste-Anne de Bellevue Monthly Hours of Sunshine  

 



Figure 10 Ste-Anne de Bellevue Days with Detectable Sunlight 

 

3.2 Greenhouse Management 
 

3.2.1 Greenhouse arrangement  
 

In order to assess the benefits of growing vegetable crops with carbon dioxide 

supplementation, two identical greenhouses were compared. Each double-polyethylene 

‘Quonset’ style greenhouse is 8 m wide, 36m long and 4 m high. 

Figure 11 Macdonald Market Horticultural Greenhouse 

 



The characteristics of the structure are described below: 

Greenhouse Parameters Dimension 
Height 9.66 ft 
Length 97 ft 
Diameter 18.5 ft 
Total Greenhouse Volume 13 037 ft3 
Surface Area Wood 284.38 ft2 
Heat Loss Coefficient Wood 0.12 W/m2 0C 
Surface Area Polyethylene 5 785.9 ft2 
Heat Loss Coefficient Polyethylene 5.00 W/m2 0C 

 

 

  

 

 

 

 

3.3.2 Greenhouse Ambient Condition Monitoring and Management  
 

Various climate parameters were recorded: outside temperature and humidity 

conditions and solar irradiation, inside temperature and humidity conditions at three spots in 

each greenhouse, as well as ambient carbon dioxide concentrations. Climate parameters were 

continuously monitored and recorded at a sampling interval of 1 min by a ‘Hobo’ data logger 

(Onset Computer Corporation, Bourne, Massachusetts ).The greenhouse air extracting operated 

when internal greenhouse temperature exceeded the set point (20–25C according to the 

season).  

3.3.3 Greenhouse CO2 Enrichment by Propane 
 

The scale of the enrichment experiment was restricted to roughly one third of the total 

(13 037 feet3) greenhouse volume ~ 4 346 feet3. For the same ambient conditions, the density of 

carbon dioxide at 1.799 kg/m3, is heavier than that of air-1.61 kg/m3 (Physics Info, 2010). 



Bearing a higher density than air, the CO2 was assumed to settle towards the base of the 

greenhouse once emitted from the generator, dissipating only very minimally across the 

greenhouse surface as it settles. It was therefore assumed that appropriating a carbon dioxide 

generator bearing a capacity sufficient to enrich one third of the greenhouse would be 

satisfactory to the enrichment requirements necessary to the application herein described. 

Superior Propane (SUPERIOR PLUS Corp, Calgary) provided the propane utilized in the 

experiment. Greenhouse propane requirements were calculated according to the following 

relationships: 

The conversion of propane to CO2 is described according to the following relationship:  

C3H8 + 5CO2  3 CO2 + 4 H2O 

Whereby:  

• Mass C3H8= 44.096 g/mol 
• Mass CO2= 44.01 g/mol 

 

• 1lb of propane= (453.59 g)/ (44.096 g/mol)= 10.286 moles of propane in 1 lb 

• Molar Ratio= 1 mole C3H8/ 3 moles CO2= 10.286 moles * 3 moles CO2= 30.858 moles 

• Assuming 100% efficiency  1 lb propane= 30.58 moles of CO2= 3 lbs CO2 

The stoichiometric ratios of the above-described relationship necessitate that one pound of 
propane by conversion, yields three pounds of carbon dioxide. 

• Amount of CO2 required= 13 ft3  

• 1 ft3 of CO2 displaces 8.7 ft3 of atmosphere at standard conditions 

• 13 ft3/ 8.7 ft3 = 1.5 propane required 

•  From stoichiometric ratio, 1 lb propane produces 3 lbs CO2 
 

Propane required = 1.5  * (1/3) = 0.50 lbs of propane 

Propane required= 0.50 lbs= 0.2267 kg 

Volume Propane= 0.2267 kg / (0.5077 kg/L) = 0.45 liters 

The CO2 monitor/regulator behaves as the intermediate between the fuel source and 

the generator. The model utilized in the experiment (figure 16) is the Greenair CO2 Set Point 

Controller SPC-1 (Gresham, OR). The desired concentration of CO2 and elevation is manually 

programmed into the device. The SPC-1 continuously samples ambient air to determine the 



concentration of carbon dioxide in PPM. The unit functions the CO2 enrichment generator, 

which is plugged into the piggyback cord of the SPC-1, when ambient concentrations of CO2 do 

not satisfy the programmed values. Specifications of the unit are described below: 

Table 4, SPC-1 Specification (GreenairProducts, 2010) 

 

 

 

 

 

The enrichment device utilized in the experiment is the Greenair CD-24-E-LP (Gresham, 

OR), which operates by burning propane fuel to generate carbon dioxide up to a capacity of 24 

ft3 hourly. The unit is designed to optimize the production of CO2 while mitigating the 

generation of heat as a by-product. This is particularly relevant given concerns of melting the 

greenhouse polyethylene cover. In brief, the generator operates by electronic ignition to spark a 

flame that burns the propane fuel when ambient conditions do not satisfy the values 

appropriated by the regulator. The propane hose is configured from the regulator assembly to 

the generator, which in turn is connected to the monitoring/regulating unit. 

Figure 12, Assembly of CO2 Generator and Regulator (GreenairProducts, 2010) 

 

The propane burner operated during the photosynthetically active period during all 
experimental 62 days to amend ambient temperatures to the 1 000ppm experimental set point.

SPC-1 Specification 

CO2 Control Range 0- 2000ppm 
CO2 Monitoring Range 0- 2000ppm 
Fixed Hysteresis 20 ppm 
Accuracy +5% (100 PPM) 
Gas Sampling Method Diffusion  
Response Time ~2 minutes 



3.4 Crop Cultivation  
Various techniques by which to suspend growing plants and deliver nutrients have been 

developed. The present experiment involved thin-nutrient-film and drip-irrigation hydroponic 

cultivation systems. Plant roots were suspended in an aqueous modified Arnon and Hoagland’s 

nutrient solution (Arnon and Hoagland 1940; Jones 1982) – whose elemental composition is 

optimized for the tomato plant – and supported by soilless Rockwool media. 

3.4.1 Lettuce Cultivation  
 

Lettuce of the Butterhead variety was seeded in rockwool cubes the Macdonald Campus 

growth chamber and supplemented with half-strength modified Hoagland’s solution as needed 

(Arnon and Hoagland 1940; Jones 1982). Seedlings were transplanted to the greenhouse 

hydroponic system following 14 days in the growth chamber; the average starting fresh weight 

was 1.7g. In the greenhouse, lettuce was cultivated upon a thin-film hydroponic growth system. 

In such systems plants are grown in a gently slopping waterproof channel, their roots immersed 

in a flowing film of plant nutritive liquid (Douglas and Attenburrow 1979). The aqueous solution 

circulates through the trough, is collected at a central tank, and redistributed through the 

system via an electric pump (Douglas and Attenburrow 1979). Lettuce has been described as a 

crop well suited for NFT cultivation systems (Silva and Toop 1986). The system utilized in the 

present experiment was self contained and comprised of PVC structural piping, a 5-gallon 

reservoir bucket, a submersible oiless pump, and PVC tubing to distribute the nutrient solution. 

A dark textile was wrapped around all surfaces exposed to sunlight to prevent the growth of 

algae. Lettuce was harvested following 28 experimental days; above ground fresh weight was 

recorded and the lettuce was subsequently let to dry at 600C for 7 days in the Biomass 

Production laboratory ovens. The experiment was replicated twice. 

Figure 13 Thin Film Lettuce Hydroponic System 

 



3.5.2 Tomato Cultivation  
 

Tomatoes of the Beefsteak variety were seeded in rockwool cubes and placed in the 

Macdonald Campus growth chamber supplemented with half-strength modified Hoagland’s 

solution as needed (Arnon and Hoagland 1940; Jones 1982). Seedlings were transplanted to the 

greenhouse hydroponic system following 21 days in the growth chamber; the average starting 

fresh weight was 0.38g. A design configuration in the likeness of the Ventura Action Drip system 

was utilized for tomato cultivation. In brief, the system consists of a large outer pot, which 

behaves as a smaller water tank and holder of nutrient solution for delivery to the plant. 

Contained within, is a shorter inner pot residing above the water level of the larger reservoir. 

This inner pot supports the clay pebble growth medium. A Ventura pipe is placed through the 

inner grow pot and is subsequently submerged under the water level of the outer pot. Air is 

pumped down the Ventura pipe and consequentially, the water is pushed up above the level of 

the top of the grow pot. Water is subsequently piped into a perforated delivery tube, which 

administers a slow but perpetual delivery to the clay pebble medium until it is cyclically joined 

back to the Ventura pipe. The nutrient solution leaches through the clay pebbles, back to the 

outer tank where it will ultimately be cyclically redelivered to the clay pebbles. Tomato was 

harvested following 65 experimental days; above ground fresh weight was recorded, height of 

plant, and number of fruit and flowers. The tomato plants were subsequently let to dry at 600C 

for 7 days in the Biomass Production laboratory ovens. The experiment was conducted as a 

single replicate. 

Figure 14 Drip Irrigation Tomato Hydroponic System  

 



3.6 Design of Biomass Heating and CO2 Distribution System 

3.6.1 Characterization of Biomass Fuel 
 

Premium-quality wood pellets, fabricated from hardwood sawdust, were utilized in the 

present experiment (Supplied by Energex Pellet Fuel Inc. (Lac-Mégantic, QC, Canada)). 

Characterization of the biomass fuel stock had been previously conducted (Dion 2011). In brief, 

bulk density was roughly 700 kg/m3, particle density 1055 kg/m3, diameter 6.5mm, and average 

length 16mm. The ash content of the pellets was less than 1% and the moisture content was 7% 

(Dion 2011). 

3.6.2 Combustion Furnace 
 

The combustion furnace utilized in the present experiments is a multi-fuel furnace cable 

Superior -100 000 BTU Biomass Furnace (Ja-Ran Enterprises Inc., Lexington MI). The furnace was 

optimized for burning corn but can accommodate diverse feedstoks including: cardboard 

pellets, agri-pellets and such diverse fuel as cherry pits.  

Figure 15 Superior Biomass Combustion Furnace (Ja-Ran Inc., MI) 
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 The furnace was operated according to the following sequence. The burn pot was filled 

to the to the top with wood pellets, lighting gel was applied to coat the pellets, which were 

subsequently ignited the furnace using a barbeque lighter. Once the burn pot reached 

sufficiently high temperatures, the fan in the combustion chamber was turned on manually. The 

furnace timer was set to 5-minute sequences and 10 minute off cycles to override the 

thermostat activated control- as the summer temperatures always exceeded the thermostat set 

points. Once the combustion gasses were sampled, the furnace shutdown protocol was 

instigated and the pellets were let to smolder until the subsequent day. 

3.7 Combustion Gas Analysis  
Main combustion products of anthropo-toxic and phyto-toxic nature were measured at 

1-minute intervals, during 60-minute sampling periods with the ‘Testo 335 flue gas analyzer’ 

(Testo AG). The TESTO 335 portable analyzer (Testo Inc., Lenzkirch, Germany) was used to 

measure CO, O2, NO, NO2 and SO2, ambient and stack temperatures, and to give calculated 

estimates of CO2 and NOx. The measurement range of Testo 335 gas analyzer for each species 

measurement is 0–22% for O2, and 0–5000 ppm for both CO and NOx and accuracies of 1%, 11% 

and 5%, respectively. Calibration with fresh air was carried out before each.  

3.6.3 Heat & CO2 Distribution System 
 

A galvanized steel heat distribution system was designed to render heat generated from 

the combustion furnace to the greenhouse through 6” round ducting obtained from Venti-Metal 

(Laval, Quebec). The design permitted also the rendering of the heat to the exterior of the 

combustion shed via a manual T-juncture key option. The post-combustion exhaust stream 

system was designed with a dual-option T-juncture. In this capacity, preliminary exhaust tests 

could be rendered directly through the chimney and in subsequent phases of the project, could 

be directed to the greenhouse following necessary treatment and dilution steps. 

3.10 Statistical Interpretation 
 

All results were interpreted according to statistical analysis of variance (ANOVA). Very 

simply, ANOVA analysis characterizes the variance observed in a data set according to portioned 

variance sources and offers a measure of whether means of distinct data sets are equal. In this 



capacity, ANOVA provides a statistical measure of similarity between the greenhouse growth 

conditions and the observed yields. 

Chapter 4: Results 

4.1 Greenhouse Conditions  

4.1.1 Temperature 
Figure 16 Hourly Average Greenhouse Temperature by Experimental Day 

 

Analysis of Statistical Variance Between Greenhouses Conditions: Temperature: Day Period 

Analysis 5 (ANOVA): Hourly Average Temperature  

Group Mean Temperature (0C) Variance 
North Greenhouse 20.19 51.71 
South Greenhouse 19.85 121.04 
 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 92.97 1  92.967 1.076 0.3 3.844 
Within Groups 264 295.88 3 060 86.371    

 

 

 

 



4.1.2 Photosynthetic Active Radiation (PAR)  
 

Figure 17 PAR Values by Experimental Day 

 

Analysis of Statistical Variance Between Greenhouses Conditions: Total Daily PAR 

Analysis 6 (ANOVA): Hourly Average PAR Recording 

Group Mean  Variance 
North Greenhouse 3 053.65 3 385 748.28 
South Greenhouse 5 090.65 6 953 989.87 
 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 130 704 953 1 130 704 953 25.28 0.00 3.92 
Within Groups 641 063 75 124 5 169 869    



4.1.3 Relative Humidity  
 

Figure 18 Hourly Average Relative Humidity by Experimental Day 

 

Analysis of Statistical Variance Between Greenhouses Conditions: Relative Humidity 

 

Analysis 7 (ANOVA): Hourly Average Relative Humidity 

Group Mean Relative Humidity (%) Variance 
North Greenhouse 58.751 465.741 
South Greenhouse 58.043 491.812 
 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 383.7 1 383.72 0.80146 0.37073 3.8445 
Within Groups 1 465 055.9 3060 478.78    
 



4.1.4 Carbon Dioxide  
Figure 19 Hourly Averaged CO2 Concentration by Experimental Day 

 

Analysis of Statistical Variance Between Greenhouses Conditions: CO2 Concentration 

 

Analysis 8 (ANOVA): Hourly Average Carbon Dioxide Concentration: Day 40-65 

Group Mean CO2 Concentration(ppm) Variance 
North Greenhouse 593.87 10,232.39 
South Greenhouse 499.97 4,047.14 
 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 2 526 282.4 1 2 526 282 353.8327 0.E+0 3.8496 
Within Groups 8 167 891.3 1144 7 139    
 



4.2 Biomass Results 

4.2.1 Lettuce Results 
 

  

Experimental Replicate 1 

Figure 20 Fresh Lettuce Biomass Yield, Replicate 1 

 

Figure 21 Dry Lettuce Biomass Yield, Replicate 1 
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Analysis of Statistical Variance Between Biomass Yields: Lettuce, Replicate 1 

 
Analysis 9 (ANOVA): Fresh Biomass Weight 

Group Mean (g) Variance 
North Greenhouse (Propane) 161.26 2 694.61 
South Greenhouse (Control) 40.45 267.15 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 54 731.46 1 54 731.4 29.95 0.00008 4.60 
Within Groups 25 587.30 14 1 827.66    
 
Analysis 10 (ANOVA): Dry Biomass Weight 

Group Mean (g) Variance 
North Greenhouse (Propane) 7.88 5.33 
South Greenhouse (Control) 3.75 2.28 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 63.96 1. 63.96 15.07 0.0017 4.60 
Within Groups 59.41 14. 4.24    



Figure 22 Fresh Lettuce Biomass Yield, Rep2 

Experimental Replicate 2 

 

 
Figure 23 Dry Lettuce Biomass Yield, Rep2 

 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

North Greenhouse (Propane) South Greenhouse (Control) 

Fr
es

h
 W

ei
gh

t 
(g

) 

Treatment Group 

Lettuce Fresh Aboveground Biomass Weight: Rep2 
Propane Enrichment Vs. Control 

0 

1 

2 

3 

4 

5 

6 

7 

8 

North Greenhouse (Propane) South Greenhouse (Control) 

D
ry

 W
ei

gh
t 

(g
) 

Treatment Group 

Dry Aboveground Lettuce Biomass Weight: Rep2 
Propane Enrichment Vs. Control 



Analysis of Statistical Variance Between Biomass Yields: Lettuce, Replicate 2 

 

Analysis 11 (ANOVA): Fresh Aboveground Biomass Weight 

Group Mean (g) Variance 
North Greenhouse (Propane) 87.17 1593.85 
South Greenhouse (Control) 31.48 140.72 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 15 506.88 1 15,506.8 17.88 0.0005 4.41 
Within Groups 15 611.16 18 867.2    
 
Analysis 12 (ANOVA): Dry Aboveground Biomass Weight 

Group Mean (g) Variance 
North Greenhouse (Propane) 4.60 2.53 
South Greenhouse (Control) 2.68 2.20 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 18.43 1 18.43 7.785 0.012 4.414 
Within Groups 42.61 18 2.37    

 



4.2.2 Tomato Results  
 

Figure 24 Fresh Tomato Biomass Yield 

 

Figure 25 Dry Tomato Biomass Yield 
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Figure 26 Tomato Plant Height 

 

Figure 27 Tomato Plant Flowering 
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Table 13 Tomato Fruit Yield and Fruit Weight 

Plant Number North Greenhouse (Propane) South Greenhouse (Control) 

1 0 fruits n/a 0 

2 2 fruits 2.8g, 12.4g 0 

3 1 fruit 3.6g 0 

4 3 fruits 2.4g, 5.2g, 9.3g 0 

5 1 fruit 1.9g 0 

6 1 fruit 5.6g 0 

7 0 fruits n/a 0 

8 2 fruits 1.8g, 10.6g 0 

 

Analysis of Statistical Variance Between Biomass Yields: Tomato (Single Replicate) 

 

Analysis 14 (ANOVA): Fresh Aboveground Tomato Biomass Weight 

Group Mean (g) Variance 
North Greenhouse (Propane) 1 508.14 38 606.72 
South Greenhouse (Control) 208.38 5 143.03 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 6 757 465 1 6 757 465 308.91 6.14E-11 4.6001 
Within Groups 306 248  14 21 874    
 
Analysis 15 (ANOVA): Dry Aboveground Tomato Biomass Weight 

Group Mean (g) Variance 
North Greenhouse (Propane) 168.09 498.52 
South Greenhouse (Control) 27.15 59.40 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 79 453.52 1 79453.52 284.8212 1.05 E-10 4.6001 
Within Groups 3 905.43 14 278.96    
 



Analysis 16 (ANOVA): Tomato Plant Height  

Group Mean (cm) Variance 
North Greenhouse (Propane) 79.63 26.55 
South Greenhouse (Control) 63.25 18.79 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 1 072.56 1 1 072.56 47.31 0.00001 4.6 
Within Groups 317.38 14 22.67    
 

Analysis 17 (ANOVA): Number of Flowers per Tomato Plant 

Group Mean ( # of Flowers) Variance 
North Greenhouse (Propane) 50.88 124.98 
South Greenhouse (Control) 10.5 40.29 
 
Source of Variation SS df MS F p-level F crit 
Between Groups 6 520.56 1 6 520.56 78.91 0.00001 4.6 
Within Groups 1 156.88 14  82.63    
 

 

4.3 Combustion Test Results 
Table 18 Summary of Combustion Exhaust Gas Results 

Trial TStack (0C) Tambient (0C) Avg. CO ppm Avg. NOx ppm Avg. O2 % 
Trial 1 49.3 32.2 772 9.0 20.51 
Trial 2 52.9 29.2 806 9.0 19.62 
Trial 3 50.1 31.5 891 9.2 20.42 



Chapter 5: Analysis and Discussion of Results 
 

5.1 Greenhouse Conditions 
 

The temperature data sets of the, north, and south, greenhouses respectively, exhibit a 

high degree of inherent variability based on seasonality, and hour of day. To mitigate 

Interpretation of inherent temperature fluctuations from these natural phenomenons, the data 

was partitioned according to day period, and according to month. Such interpretation however, 

observed no statistical similitude between greenhouses. Statistical indifference between the 

greenhouses could be achieved only upon the interpretation of raw temperature data, whereby 

the high inherent variability within greenhouse temperature sets could buffer the effect of inter-

greenhouse variability. The average temperature of the north greenhouse was 20.190C, and 

similarly for the south greenhouse it was 19.850C (figure 16). Variability between the north 

greenhouse [51.71 – Anlysis5 (ANOVA)] was significantly less than the north greenhouse 

[121.4 – Analysis 5 (ANOVA)] – a matter likely attributed to the north greenhouse’s capacity to 

maintain conditions more closely related to the set points due to better functioning ventilation 

systems and heating systems. 

During cold months, air exchange between the greenhouse and external environment 

were minimal, and space heaters and polyethylene plastic were necessary to achieve a suitable 

growth environment. The limited number of air exchanges however, did not facilitate the 

perseverance of elevated CO2 concentrations within the greenhouse, and the 1 000ppm set 

point was scarcely achieved according to the CO2 data logging device; this result however, 

incongruent with the SPC-1 CO2 monitoring device (did not possess opportunity to integrate 

data logging), which observed concentrations of CO2 exceeding the 1000ppm set point, on all 

experimental days. During warm months, substandard ventilation of the greenhouse to achieve 

suitable growth conditions rendered the maintenance of appropriate temperatures and carbon 

dioxide levels at the 1 000ppm level challenging. On many experimental days, greenhouse 

temperatures exceeded the 250C set point by over 60% (figure 16). The perpetual ventilation, 

though inadequate for temperature maintenance, rendered the amendment of CO2 

concentrations to the 1000ppm set point fuel consumptive and ultimately, unattainable. 



Average CO2 concentrations were 593.87 ppm for the north greenhouse- enriched with 

carbon dioxide and 499.97 for the south greenhouse control (figure 19). Although propane 

enrichment did not achieve the set point CO2 concentrations, it did nonetheless observe a 

high statistical difference from the control [Analysis 9 (ANOVA)] and manifested a 

significant divergence in biomass yields (figure 20-25, inclusively) between the two growth 

environments. In the absence of temperature variability between the greenhouses [Analysis 

9 (ANOVA)], the difference in biomass yield can be deduced to have been consequential to 

the differing carbon dioxide concentrations and the calibration of the CO2 data logger, 

incongruent with both the SPC-1 set point and observed biomass values, is called into 

question. In the absence of a true reference value, the CO2 concentrations described in the 

present report can only be interpreted as relative values. 

5.2 Biomass Yield Results  
 

• Fresh Weight: Statistical difference present between treatments 

Lettuce- Trial 1 

• Dry Weight: Statistical difference present between treatments 
 
A high statistical difference was observed between both fresh, and dry, aboveground lettuce 

biomass yields [Analysis 9; Analysis 10 (ANOVA)] – the average weight from the propane 

treatment group was roughly 400% higher (140 g-fresh/plant for treatment) than the control 

group (60g fresh/control plant). Issues with the hydroponic system arose in the south 

greenhouse; this caused perpetual issues with the water levels and the loss of 4 plants roughly 

20 days into the first replication of the lettuce experiment. The experiment was thus replicated 

to overcome the potential experimental error present in the first data set. 

 

• Fresh Weight: Statistical difference present between treatments  

Lettuce- Trial 2 

• Dry Weight: Statistical difference present between treatments 
 

A high statistical difference was observed between both fresh, and dry, aboveground lettuce 

biomass yields [Analysis 11; Analysis 12 (ANOVA)] – the average weight from the propane 

treatment group was, likewise to the first lettuce experiment, roughly 400% higher (80 g-



fresh/plant for treatment) than the control group (20g fresh/control plant). Indeed, in the 

second experimental replicate, yielded average biomass values significantly lower (~50%) than 

the first (Figures 9-12). During the period of the second replication, ambient growth conditions 

did in fact differ from the first experiment (experimental days 1-21; figure 9), the higher 

temperatures (experimental days 28-49; figure 9) –suboptimal to lettuce productivity may be 

responsible for the divergences in yield observed during the second experiment. 

Issue with nutrients and/or contamination in the south greenhouse, causing yellow 

discoloration and wilting were noted in the tomato hydroponic system during the last quarter of 

the experiment (experimental days 40-62). Indeed, during its use and reuse, it has been noted in 

the literature that the composition of hydroponic nutrient solution may change substantially 

during an experimental period; the concentration of certain elements change dramatically and 

the PH may differ substantially (

Tomato- Single Replicate 

Jones 1982). Other potentially adverse issues with reuse include 

disease control and the accumulation of substances in the nutrient solution (Jones 1982). 

Sufficient aeration of the nutrient solution and the need to replenish it on a particular schedule, 

were early recognized as important aspects for proper nutrient solution management (Arnon 

and Hoagland 1940), and despite efforts to mitigate these adverse potentials, disease and or/ 

nutrient deficiencies were manifested. This phenomenon, which possesses the potential of 

restricting plant productivity, encumbers the interpretation of tomato biomass yield values.  

5.3 Heat & CO2 Distribution Design  
 

The sequence of furnace operation as described in the methodology, was quite 

intensive, laborious and necessitated close monitoring, thus rendering the present furnace ill 

suited to the thermostat-automated applications characteristic of greenhouse operations. This 

was true also of the furnace shut down protocols, which necessitated often a day to achieve 

adequate cooling of the burn pot for subsequent reigniting. Pellet smoldering during the shut 

down protocol, promoted the accumulation of combustible gases in the combustion chamber 

and let ultimately to an explosive release of pressure in the late phases of the combustion 

experimental trials. An automated ignition system and a more efficient shut down protocol, 



would therefore be required; integrating this capacity within the present furnace was inefficient 

and could not be economically justified.  

A number of operational issues were experienced with the furnace; largely they were 

consequential to insufficient electrical capacity and inadequate heat exchange capacity inherent 

of the furnace design. In the case of the former, the 15-amps electrical system designed to 

accommodate the furnace load was redesigned to accommodate a 20-amp system. This 

resolved the unexplained shutdowns during furnace initiation experienced in the preliminary 

experimental phase. In the case of the latter, insufficient capacities of the combustion blower 

motors promoted inadequate fuel mixing and incomplete combustions (carbon monoxide 

exceeding 1800ppm in the chimney). The inherent furnace design also promoted overheating of 

the combustion blower motors. Fresh cooled air could not be readily re-circulated to the motor 

as it was physically impeded behind other furnace components. Addressing the matter would 

effectively involve reconfiguring the combustion blower fan to be positioned near the front of 

the furnace, where access to cooled air is not physically restricted. Furthermore, inadequate 

heat transfers promoted a restrictive hot air flow from the combustion chamber through the 

heat distribution ducting. Due to the inadequacy in heat exchange, hot air was maintained 

through the exhaust chimney pipes, rendering them to overheat and expel smoke directly into 

the combustion shed.  In the hypothetical absence of operating issues, more fundamentally, 

exploiting the potential of heating exhaust gases for CO2 amendment necessitates optimal 

enrichment scheduling and management regimes – a matter complicated by the disharmonious 

scheduling requirements of heating and CO2 enrichment and further encumbered by the 

laborious nature of furnace initiation and shut down protocols. Whereas heating is required 

principally at night, CO2 enrichment is required only during the photosynthetically active 

irradiance period. The present design, which utilized hot air, as a heat transfer medium did not 

integrate the potential to store heat generated during the CO2 enrichment process for 

subsequent delivery at night.  

An outline of the design implemented for the heat distribution system is presented in 

the figure below. Unfortunately photographs of the results achieved are not presently available. 



Figure 28 Ducting and Heat Distribution Scheme 

 



 

5.4 Combustion Test Results  
 

The ideal conversion of organic compounds to thermal energy proceeds in an 

exothermic reaction to yield CO2 and water vapor. In practice however, conversion 

technologies-neither those operated by fossil fuel, nor by biomass- seldom achieve 100% 

efficiency. The combustion exhaust results achieved in the present experiment however, are 

several orders of magnitude in excess of the ASHRAE (2009) standards (table 1). Average CO 

concentration for the 3 combustion tests was 823ppm, and would thus necessitate dilution of 

the exhaust stream to 1.3% initial concentration. The CO levels exhibited a high degree of 

variance, between 500-600ppm (data not presented) lesser than average, in periods when the 

combustion process was activated with the combustion blowers, relative to when the pellets 

were smoldering and CO concentrations achieved their maximum (in excess of the TESTO 

analyzer capacity). The high CO concentration observed in the exhaust gas, are characteristic of 

an incomplete combustion; a matter attested to by the low stack temperatures, which did not 

exceed 530C (table 18) and further supported by temperatures at the outlet of the ducting 

system following the combustion process, which were seldom in excess of ambient inlet 

temperatures. 

5.4.1 Efficiency of Combustion Process 
 

The efficiency of the combustion process is defined according to the furnace efficiency, 

described as follows:  

Equation 2, Combustion Efficiency (Quaak, Knoef et al. 1999) 

 

Efficiency =
ThermalEngeryAavailableInFlueGas

ChemicalEnergyInSuppliedFuel
 

 
 Typical combustion efficiencies range between 65-85% percent in poorly designed furnaces 

and up to 99% in well−insulated, sophisticated combustion systems (Quaak, Knoef et al. 1999). 

The combustion efficiency is governed principally by the completeness of the combustion process 

and the heat loss from the furnace. The completeness of combustion denotes the extent to which 

the combustible particle fraction is burnt in the reaction; it is an important indicator for 



combustion quality (Quaak, Knoef et al. 1999). Heat losses incurred during the process are 

manifested by heat transmission through the furnace walls. Such losses are problematic for they 

expel the unutilized thermal potential embodied in the hot ash, unburned particles, unburned 

pyrolysis gases, and carbon monoxide (Quaak, Knoef et al. 1999). Temperatures recorded in the 

stack are assumed representative of flue gas temperatures. The flue gas yielded from the biomass 

conversion process thus embodies a very low potential energy and consequential compromised 

combustion efficiency (equation 2). 

 

5.4.2 Internal Modifications & Post-Combustion Emission Reduction 
 

 Noxious emissions at the biomass combustion site, namely particulate matter (PM), and 

CO, are of concern to human health as they manifest irritation, respiration infection, and in 

severe acute exposures, death to humans (Chau, Sowlati et al. 2009). Emissions observed in the 

present experiment are several orders of magnitude in excess of the ASHRAE standards 

presented in table 1 and as such, the flue gas from the wood combustion process cannot be 

directly injected be into greenhouses for CO2 enrichment. Most of the pollutants generated 

from biomass conversion processes, and most relevantly to the application herein described, are 

consequential to incomplete combustion. Emission reduction measures during the combustion 

process may involve modifying the type of combustion equipment, improving construction of 

the combustion unit, and post-conversion pollution abatement technologies. The present 

section explores the latter two options. 

 The most influential factors contributing to complete combustion are adequate 

temperature, sufficient fuel residence time and adequate turbulence of hot gasses (Dion, 

Lefsrud et al. ; Reed and Das 1988; Maker 2004). High temperatures, maintained above 850°C , 

are advised for mitigating CO and NOx emissions (Nussbaumer 2003; Van Loo and Koppejan 

2008). Internal modification to keep temperatures high for optimal combustion would therefore 

involve re-designing the present system with refractory materials, ceramics or high temperature 

metal alloys. Appropriate furnace geometry is also critical to facilitating the complete burning of 

wood gases, and a means to prevent the buildup of ash (Maker 2004). As evidenced by the 

results presented herein, the present furnace configuration restricted heat exchange between 

the combustion chamber and inlet air, accordingly furnace geometry- particularly in the heat 



exchange zone- should be amended to promote optimal heat exchange geometry, namely this 

would involve enlarging the inlets and modifying the 900 transition angle to a less acute 450 

transition. Accurate control of the combustion air feed to different areas within the furnace is 

also critical; to this end, it is recommended that the combustion zone be physically distinct from 

the heat extraction zone (Nussbaumer 2003; Maker 2004). Finally, to promote optimal 

combustion, turbulence can be promoted in the combustion system by injecting more air to the 

system (Reed and Das 1988). This would involve relocating the combustion air fan and 

augmenting its capacity. The system may also benefit from multiple combustion fans at both 

ends of the combustion chamber. 

Typically emissions must be reduced by orders of magnitude, from mg/m3 to ug/m3. 

(Longuenesse 1990). As evidenced by review of the literature, dilution of the exhaust stream, 

though successful at mitigating CO concentrations, is often inadequate at achieving suitable 

concentrations of other secondary compounds. In this section, secondary emissions reductions 

measures that target particulate, NOx and SOX are discussed. Secondary emission reduction 

measures are applied to remove emissions from flue gas when it has left the boiler. Optimizing 

the combustion through primary NOX emission reduction measures, such as staged-air 

combustion, and staged fuel combustion, can greatly reduce formation of NOx, no such 

optimization, is practically or, possible, for SOx. 

 Membrane separation is a means to selectively transport gases. Membranes are capable 

of separating CO2 from flue gas, based on the differential partial pressure across the membrane. 

This technology however, remains a rather understudied process and is less common than 

absorption and adsorption.  Nevertheless, Maggines et al. (1978) have developed a system for 

the utilization of combustion exhaust gases to enhance plant growth, in which a CO2 is disturbed 

through a permeable polyethylene membrane (Maggines, Brooks et al. 1978). Although the 

system was successful at promoting plant growth, no follow-up investigations have since been 

conducted on the matter. Secondary emission reductions measures applicable for NOX 

reduction involve chemical treatment of the flue gas to convert NOx to inert nitrogen gas (N2). 

To this end, the selective catalytic reduction process reduces NOx to Nx by reactions with 

ammonia or urea in the presence of a catalyst.  

 



 

Chapter 6: Conclusion  
 

The goal of the project herein described was to implement a sustainable wood pellet 

system to jointly heat, and enrich CO2 for greenhouse production. The design and preliminary 

experimental phase of the project yielded preliminary data on tomato and lettuce biomass 

yields from CO2 enrichment by propane, the design and implementation of a biomass-based 

greenhouse heating system, and preliminary exhaust gas characterization. Although inadequate 

ventilation systems, and extreme temperatures beyond the capacity of the greenhouse air 

exchange to re-equilibrate, encumbered the maintenance of constant growth condition 

between both greenhouses, statistical similitude of most growth conditions – including 

temperature and relative humidity – was achieved. Interpretation of biomass yields from CO2 

enrichment data was encumbered by the absence of a reference value to calibrate the sensors, 

and further exacerbated by the manifestation of nutrient deficiencies and plant disease. 

Nevertheless, the values achieved in the present experiment provide relative baseline data for 

yields of conventional enrichment schemes. The implementation of a heat distribution and 

preliminary exhaust delivery system was also realized (figure 28). The heat distribution system, 

though successful at rendering heat the greenhouse or diverting it to the external environment, 

could not be assayed for heat delivery efficiency as issues manifested during the combustion 

process limited the available heat at the distribution phase. Indeed, inherent design flaws and 

operational issues manifested incomplete combustion processes and generated an exhaust 

stream whose constitution far exceeded ASHRAE (2009) standards of indoor air quality. Future 

efforts will be invested towards the development of a treatment, dilution and dissipation 



scheme to safely render the exhaust gas to the greenhouse. The most appropriate strategies 

may involve membrane separation, and catalytic conversion processes.  



References: 
 

Agri-Food-Canada (2010). "Greenhouse Tomato: Canada's Tomato Industry Report." 

  
Arnon, D. I. and D. R. Hoagland (1940). "Crop production in artificial culture solutions and in soils 
with special reference to factors influencing yields and absorption of inorganic nutrients." Soil 
Science

  

 50: 463-485. 

ASAE (2003). Heating, ventilating and cooling greenhouses. St. Joseph, MI, ASABE. EP406.3. 

  
ASHRAE (2009). 2009 ASHRAE handbook fundamentals

  

. Atlanta, GA, American Society of 
Heating, Refrigeration and Air-Conditioning Engineers. 

Bailey-Stamler, S., R. Samson, et al. (2006). Biomass Resource Options: Creating a BIOHEAT 
Supply for the Canadian Greenhouse Industry. Sainte Anne de Bellevue, Quebec, Resources 
Efficient Agricultural Production (REAP)- Canada. 

  
Brown, R. C. (2003). Biorenewable Resources: Engineering New Products from Agriculture

  

, 
Blackwell Publishing  

Chalabi, Z. S., A. Biro, et al. (2002). "SE--Structures and Environment: Optimal Control Strategies 
for Carbon Dioxide Enrichment in Greenhouse Tomato Crops--Part 1: Using Pure Carbon 
Dioxide." Biosystems Engineering

  

 81(4): 421-431. 

Chalabi, Z. S., A. Biro, et al. (2002). "SE--Structures and Environment: Optimal Control Strategies 
for Carbon Dioxide Enrichment in Greenhouse Tomato Crops, Part II: Using the Exhaust Gases of 
Natural Gas Fired Boilers." Biosystems Engineering

  

 81(3): 323-332. 

Chau, J., T. Sowlati, et al. (2009). "Optimizing the mixture of wood biomass for greenhouse 
heating." International Journal of Energy Research

  

 33: 274-284. 

Chau, J., T. Sowlati, et al. (2009). "Techno-economic analysis of wood biomass boilers for the 
greenhouse industry." Applied Energy

  

 86(3): 364-371. 

Chinese, D., A. Meneghetti, et al. (2005). "Waste-to-energy based greenhouse heating: exploring 
viability conditions through optimisation models." Renewable Energy

  

 30(10): 1573-1586. 



Clough, J. M. and M. M. Peet (1981). "Effects of intermittent exposure to high atmospheric CO2 
on vegetative growth in soybean." Physiologia Plantarum

  

 53(4): 565-569. 

Cure, J. D. and B. Acock (1986). "Crop responses to carbon dioxide doubling: a literature survey." 
Agricultural and Forest Meteorology

  

 38(1-3): 127-145. 

Demirbas, A. (2001). "Biomass resource facilities and biomass conversion processing for fuels 
and chemicals." Energy Conversion and Management

  

 42(11): 1357-1378. 

Demirbas, A. (2005). "Potential applications of renewable energy sources, biomass combustion 
problems in boiler power systems and combustion related environmental issues." Progress in 
Energy and Combustion Science

  

 31(2): 171-192. 

Dion, L.-M., M. Lefsrud, et al. "Review of CO2 recovery methods from the exhaust gas of 
biomass heating systems for safe enrichment in greenhouses." Biomass and Bioenergy

  

 In Press, 
Corrected Proof. 

Dion, L. M. (2011). Biomass Gasification for Carbon Dioxide Enrichment in Greenhouses. 
Bioresource Engineering

  

. Monteral, Quebec, McGill University. Degree of Master of Science. 

Douglas, H. C. and D. C. Attenburrow (1979). Nutrient Film Technique. U. S. patent. United 
States, Fisons Limited (Suffolk, GB2)  

  
DRC (2006). Survey of greenhouses within GVRD/FVRD converted to biomass for heating. D. R. 
Corporation. Delta, BC. 

  
Edwards, D. R. (2008). Towards a plant-based method of guiding CO2 enrichment in greenhouse 
tomato. Plant Science

  

. Vancouver, University of British Columbia. Doctor of Philosophy  

Hannan, J. J. (1998). Greenhouses - Advanced Technology for Protected Horticulture

  

, CRC Press. 

Hatirli, S. A., B. Ozkan, et al. (2006). "Energy inputs and crop yield relationship in greenhouse 
tomato production." Renewable Energy

  

 31(4): 427-438. 

Hiler, E. A. and B. A. Stout (1985). Biomass Energy: A Monograph

  

. College Station, Texas, Texas 
A&M University Press. 



Jaffrin, A., N. Bentounes, et al. (2003). "Landfill Biogas for heating Greenhouses and providing 
Carbon Dioxide Supplement for Plant Growth." Biosystems Engineering

  

 86(1): 113-123. 

Jones, J. B. (1982). "Hydroponics: Its history and use in plant nutrition studies." Journal of Plant 
Nutrition

  

 5(8): 1003-1030. 

Kimball, B. A. (1982). Carbon dioxide and agricultural yield: an assemblage and analysis of 430 
prior observations

  

. 

Kramer, P. J. (1981). "Carbon dioxide concentration, photosynthesis, and dry matter 
production." Journal Name: Bioscience; (United States); Journal Volume: 31:1

  

: Medium: X; Size: 
Pages: 29-33. 

-
-
(CIDES). 23. 

  
Longuenesse, J. J. (1990). "Influence of CO2 Enrichment on Photosynthesis and Yield of a 
Tomato." Acta Hort. (ISHS)

  

 268: 63-70. 

Maker, M. T. (2004). Wood-chip heating systems. A guide for institutional and industrial biomass 
installations. . Montpelier, Vermont, Biomass Energy Resource Center. 

  
Maker, T. (2004). Wood-Chip Heating System: A Guide for Institutional and Commercial Biomass 
Installations

  

. Washington, D.D. . 

McKendry, P. (2002). "Energy production from biomass (part 1): overview of biomass." 
Bioresource Technology

  

 83(1): 37-46. 

McKendry, P. (2002). "Energy production from biomass (part 2): conversion technologies." 
Bioresource Technology

  

 83(1): 47-54. 

McKenney, D. W., D. Yemshanov, et al. (2011). "An economic assessment of the use of short-
rotation coppice woody biomass to heat greenhouses in southern Canada." Biomass and 
Bioenergy

  

 35(1): 374-384. 

Milhet and C. Costes (1975). "Effects of CO2 nutrition on growth and yield of muskmelon 
(Cucumis melo L.), egg-plant (Solanum melongena L.) and sweet-pepper (Capsicum annuum L.)." 
Acta Hort. (ISHS) 51: 201-211. 



  
Mortensen, L. M. (1987). "Review: CO2 enrichment in greenhouses. Crop responses." Scientia 
Horticulturae

  

 33(1-2): 1-25. 

Nelson, P. V. (1998). Greenhouse operation and management.

  

 Upper Saddle River, NJ., Prentice 
Hall. 

Nussbaumer, T. (2003). "Combustion and Co-combustion of Biomass:Fundamentals, 
Technologies, and Primary Measures for Emission Reduction." Energy & Fuels

  

 17(6): 1510-1521. 

Picchi, G., A. Gordon, et al. (2006). Feedstock to Furnace: Bioenergy Systems 
for the Ontario Greenhouse Industry. Roma, Italy 

Guelph, Ontario, Department of Forestry, Forest Products and Economic Division Organization, 
Food and Agriculture Organization of the United Nations (FAO) 

Department of Environmental Biology, University of Guelph. 

  
Quaak, P., H. Knoef, et al. (1999). "Energy from biomass a review of combustion and gasification 
technologies." 

  
Razdan, M. K. and A. K. Mattoo (2007). Genetic Improvement of Solanaceous Crops

  

. Enfield, 
New Hampshire, Science Publisher. 

Reed, T. B. and A. Das (1988). Handbbook of biomass downdraft gasifer engine systems

  

. Golden, 
Colo., Solar Energy Research Institute  

Salisbury, F. B. and C. Ross (1969). Plant Physiology

  

. Wadsworth, Belmont, CA, , Brooks Cole. 

Samson, R. and P. Duxbury (2000). Assessment of Pelletized Biofuels. Ste. Anne de Bellevue, 
Quebec, Resource Efficient Agricultural Production-Canada. 

  
Silva, G. H. and E. W. Toop (1986). "Lettuce growth in a nutrient film , with carbon dfoxide 
enrichment within a controlled environment system." Soilless Culture

  

 2(2): 41-47. 

Statistics-Canada (2009). Greenhouse, Sod and Nursery Industries. C. S. Agriculture Division. 
Ottawa, Ontario. 

  
Tisserat, B. and S. F. Vaughn (2001). "Essential oils enhanced by ultra-high carbon dioxide levels 
from Lamiaceae species grown in vitro and in vivo." Plant Cell Reports 20(4): 361-368. 



  
Tumuluru, J. S., S. Sokhansanj, et al. (2010). "QUALITY OF WOOD PELLETS PRODUCED IN BRITISH 
COLUMBIA FOR EXPORT." Applied Engineering in Agriculture

  

 26(6): 1013-1020. 

Van Loo, S. and J. Koppejan (2008). The Handbook of Biomass Combustion and Co-firing

Sterling, VA, Earthscan. 

. London 

  
Wittwer, S. and W. Robb (1964). "Carbon dioxide enrichment of greenhouse atmospheres for 
food crop production." Economic Botany

  

 18(1): 34-56. 

Wittwer, S. H. (1966). "Application of carbon dioxide for vegetable growing under glass or 
plastic." Acta Hort. (ISHS)

  

 4: 129-134. 

 

 



 

 

  

McGill University 

12 

Greenhouse CO2 enrichment from biomass 

combustion. 

 
Final Report Design III 

 

 Francis Filion, Julien Bouchard, Quoc Nguyen 

 



1 
 

Contents 
1. Introduction .................................................................................................................................................... 3 

1.1. Context .................................................................................................................................................... 3 

1.2 Engineering Problems and Objectives ..................................................................................................... 3 

1.3 Baseline concentrations of a typical biomass pellet combustion ............................................................. 4 

2.  Theory, Analysis and Specifications ............................................................................................................. 5 

2.1 Exhaust Cleaning System ......................................................................................................................... 6 

2.2 Air to Fuel Ratio ...................................................................................................................................... 7 

2.3 Heating and cooling the air ...................................................................................................................... 9 

2.3.1 Radial Heat Transfer .......................................................................................................................... 9 

2.3.2 Heating the air ................................................................................................................................ 12 

2.3.3 Cooling the air by Convection ......................................................................................................... 15 

2.3.4 Cooling the Air by Dilution .............................................................................................................. 15 

2.4 Catalytic Converter ................................................................................................................................ 16 

2.4.1 Cold start-up ................................................................................................................................... 18 

2.4.2 Sizing of catalytic converter substrate ............................................................................................ 18 

2.4.3 Efficiency ......................................................................................................................................... 19 

2.5 Membrane .............................................................................................................................................. 20 

2.6 CAD Model ............................................................................................................................................ 23 

2.7 Air Changes for Optimal CO2 Range ..................................................................................................... 24 

3. Prototype ..................................................................................................................................................... 26 

4. Modeling and Testing................................................................................................................................... 27 

4.1 Modeling Results .................................................................................................................................... 27 

4.2 Test Results ............................................................................................................................................ 28 

4.3 Discussion ............................................................................................................................................... 29 

5. Optimization ................................................................................................................................................ 29 

6. Conclusion .................................................................................................................................................... 30 

Bibliography ..................................................................................................................................................... 31 

Appendix .......................................................................................................................................................... 32 

Greenhouse Ventilation ............................................................................................................................... 32 

Determining Ventilation Volume Rates:................................................................................................... 32 

Determining CO2 injection rate: ............................................................................................................... 33 



2 
 

Air/Fuel Ratio ............................................................................................................................................... 34 

Theoretical ............................................................................................................................................... 34 

Actual ....................................................................................................................................................... 35 

Temperature Profile Calculations ................................................................................................................ 36 

Heating ..................................................................................................................................................... 36 

Cooling ......................................................................................................................................................... 37 

Dilution ..................................................................................................................................................... 40 

Sizing of catalytic converter ..................................................................................................................... 40 

Pictures of Actual Prototype .................................................................................................................... 42 

 

List of Tables: 

Table 1: Current and Objective Concentrations of Pollutant ............................................................................. 5 

Table 2: Moleculear Weight and Kinetic Diameter of gases encountered in the separation ........................... 22 

Table 3: Comparison of Actual and Theoretical Air to Fuel Ratios ................................................................ 27 

Table 4: Temperature along Critical points of the Exhaust System ................................................................. 27 

Table 5: Test results of physical model ........................................................................................................... 28 

 

List of Figures: 
Figure 1:Composition of Biomass and there Percentage Value ......................................................................... 8 

Figure 2: Cross-Sectional view of Exhaust System Tubing ............................................................................. 10 

Figure 3: Equivalent Overall Radial Heat Transfer through the System ......................................................... 11 

Figure 4: Coil Placed Inside Exhaust System .................................................................................................. 12 

Figure 5: Schematic of Control Volume .......................................................................................................... 14 

Figure 6: Schematic of Adiabatic Mixing Air Streams .................................................................................... 16 

Figure 7: Relations between NOx reduction efficiency versus CO & HC oxidation efficiency at different 

exhaust oxygen concentration. ......................................................................................................................... 17 

Figure 8: Conversion of CO versus temperature for catalyzed and noncatalyzed reactions (Heck et al, 2009)

 ......................................................................................................................................................................... 18 

Figure 9: Isometric view of the exhaust system at the Macdonald Market Greenhouse.................................. 23 

Figure 10: Right and Left view of the exhaust system at the Macdonald Market Greenhouse ....................... 24 

Figure 11: Front and Back view of the exhaust system at the Macdonald Market Greenhouse ...................... 24 

Figure 12: CO2 concentration as a function of air changes in greenhouse ...................................................... 26 

  

file:///D:/My%20Documents/Final%20Report%20Design%203-1.docx%23_Toc322120661


3 
 

1. Introduction 

1.1. Context 

Greenhouse carbon dioxide (CO2) enrichment has long been recognized by biologists and 

plant physiologists to enhance the growth of plants. Greenhouse producers have used this 

knowledge to increase their production significantly (by at least 30%) in the last 30 years (Iverson 

et al. 2008). Due to the unsteady and rising cost of CO2 enrichment in greenhouses (volatile and 

rising prices of oil) the focus of this design project is on utilizing the readily available CO2 from 

biomass combustion used for heating. In fact, many greenhouse producers in Québec are already 

equipped with direct combustion biomass furnaces and have at hand this valuable source of CO2 

which is currently being released into the atmosphere (released through the exhaust via chimney). 

This idea was studied in great detail both mathematically and physically. The physical model and 

testing was performed on a biomass furnace (SBI Caddy Alterna) in a greenhouse at the Macdonald 

Market. A pre-established design had been developed in the previous term and this setup was 

examined and developed further. The physical model is of relatively small size when compared to 

actual biomass boiler system in the industry however the same principles can be up scaled for 

various dimensions and is adaptable. The goal of the system is to reduce the toxic compounds such 

as carbon monoxide (CO), nitric oxide (NO), and sulfur dioxide (SO2) found in the emissions to 

allow a safe environment for the plants and workers. The first step in reducing these compounds 

was the determination of the current baseline concentrations emitted by a typical biomass pellet 

furnace. Using a Testo analyser, we determined that the compounds were found on average 

concentrations ten to sixty times higher than what is prescribed by the ASHRAE standards for 

indoor air quality. The pre-established processes and components that had been selected from the 

literature the previous term were as follows: internal modifications (Air to Fuel ratio) and external 

modifications (catalytic converter, dilution, semi-permeable membrane separation). In the 

following sections all these processes and components will be examined, mathematically analyzed 

and most will be physically tested in a working system.  

1.2 Engineering Problems and Objectives 

A breakthrough in utilizing the CO2 source available from biomass combustion could single handily 

reshape the greenhouse industry as a whole. It would allow a greater number of producers to make 

the transition to biomass furnaces due to the increased profitability of the system as a whole. The 
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producers are presently paying hundreds of thousands of dollars a year (dependant on the size of 

operations) to enrich their greenhouses with CO2 therefore exploring the utilization of the exhaust 

gas from direct combustion of biomass is of great interest to the greenhouse industry as a whole.  

The main objective of the design project was to successfully inject the purified emissions of the 

furnace into the greenhouse to increase plant yield while maintaining a safe environment for 

humans. Ultimately, the available CO2 source is contaminated with toxins and needs to be 

decontaminated before being injected into the greenhouses. The constraints in terms of air quality 

that needs to be maintained in the greenhouse are regulated by the American society of heating, 

refrigerating and air conditioning engineers (ASHRAE 2009). Therefore, the objective of the 

exhaust cleaning system must meet the ASHRAE standards to ensure the safety and well-being of 

the users of the greenhouse.  

1.3 Baseline concentrations of a typical biomass pellet combustion 

The baseline concentrations that will be presented in the following table were determined using a 

TESTO 335 flue gas analyzer and the Caddy Alterna furnace burning wood pellet fuel. All original 

data can be found in the Design 2 Report (Greenhouse CO2 enrichment from biomass 

combustion. 2011. Design 2 report. Bouchard, J.  Filion, F. Glover, A. Nguyen, Q.). However a 

summary table will be presented. The TESTO 335 allows the determination of Oxygen (O2) , CO, 

NO, nitrogen dioxide (NO2), SO2 and nitrogen oxide (NOx) concentrations.  The results of the test 

are also compared to the AHSRAE standards to give the reader a better understanding of the work 

that is needed in order to achieve the main goal.  
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Table 1: Current and Objective Concentrations of Pollutant 

  Emissions  Objective 

Concentrations 

Curent 

Concentrations 
1
 

  Carbon Dioxide(CO2)  1200 mg/L  70 000 mg/L  

     

  Carbon Monoxide (CO)  < 11 mg/L 530-600 mg/L  

     

  Nitric Oxide (NOx )  5 mg/L 60 mg/L  

     

  Nitrogen Monoxide (NO)  25 mg/L  55 mg/L  

   
  Nitrogen Dioxide (NO2)  0.05 mg/L  0.5 mg/L  

   

  Sulfate Dioxide (SO2)  0.019 mg/L  12 mg/L  

   

  Fine Particulates  40 μg/m3  N/A  

      

 

2.  Theory, Analysis and Specifications 

In this next section, all the mathematical theory and analysis for every component of the proposed 

design system will be thoroughly explained. For the basic theory, please refer back to the Design 2 

report (Greenhouse CO2 enrichment from biomass combustion. 2011. Design 2 report. 

Bouchard, J.  Filion, F. Glover, A. Nguyen, Q.). This section is of upmost importance as it will 

allow for proper modeling and simulation and will aid in predicting important parameters such as 

the temperatures at critical areas in the exhaust system. It will also allow provide the necessary 

information to properly plan and dimension the exhaust system for our physical model.  
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2.1 Exhaust Cleaning System 
After the literature review done in the Design 2 Report, many techniques to clean the 

exhaust gases from its major contaminants, e.g. CO, CO2, NOx, SO2 and fine particles, were 

proposed. Such purifications processes can be very effective to remove contaminants 

concentrations either in the form of gases or particulates in the flue gas. The prototype will include 

many techniques where each of them will have targeted contaminants to remove. After a multi-

criteria analysis, the best purification techniques for the project were chosen as follows.  

The air-to-fuel ratio optimization is an internal modification made in the furnace to push the 

emissions towards a desired direction. In a lean combustion, the air mixture has to be considerably 

more than fuel, it will result in better performance of the furnace, efficient fuel use and low exhaust 

emissions of carbon monoxide (CO) and carbon dioxide (CO2). However, the excess oxygen will 

have a tendency to bind with nitrogen (N2) present in the air to form nitrogen oxides (NO, NO2 or 

NOx).   

Connected to the exhaust tube, the catalytic converter is the first external modification in the 

prototype. Commonly found in cars, catalytic converters convert toxic emissions from internal 

combustion into less hazardous substances. Occurring in the converter, oxidising reactions will 

convert carbon monoxide (CO) to carbon dioxide (CO2) and unburned hydrocarbons (HC) to water 

(H2O). The last reaction will reduce nitrogen oxides (NOx) to atmospheric nitrogen (N2). A 

drawback of catalytic converter is that they are required to operate at a high temperature in order to 

be efficient. Therefore the temperature profile will be analyzed to provide optimal conditions for 

the reactions. 

In order to reduce the CO2 concentrations in the exhaust, which are currently too high for 

optimal growth of plants, and to avoid accumulation of NOx, SOx and particulates concentrations in 

the system, dilution and semi-permeable membrane are conjointly used. The use of the fan in the 

dilution process will mix the exhaust gas with air and will help creating a pressure difference across 

the membrane, which is needed to allow the gases to permeate through. Polyethylene membrane 

will let smaller particles, in this case CO2, to go through and will block bigger particles such as 

NOx, SOx and particulates. This system will be very carefully analyzed, modeled and tested in the 

following sections. 
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2.2 Air to Fuel Ratio 

The first proposed modification of the furnace to achieve the wanted compound concentrations in 

the flue gas is the air to fuel ratio. In order to decrease the production carbon monoxide (CO), air 

must be added to the system to allow for all the hydrocarbons in the biomass to burn (Quaak 1999). 

The following ratio can be emitted: 

(1)        
                 

                             
 

In an ideal case, lambda (λ) should be equal to one. However most well designed and properly 

working furnaces have values ranging from 1.6 to 2.5. It is important to note that as λ increases, the 

temperature of the flue gas will decrease (Quaak 1999). Therefore, raising the air to fuel ratio can 

have some major disadvantages as the furnace will no longer provide enough heat and will no 

longer achieve its primary function. With the flue gas temperature lower, it may no longer be hot 

enough to allow for the proper functioning of the catalytic converter. Before blindly modifying the 

air to fuel ratio, it is important to determine the theoretical air supply needed which can then be 

compared to the actual ratio. The actual air supply is determined experimentally by allowing the 

furnace to run for a predetermined amount of time while measuring the amount of fuel needed for 

that allowed time. By determining the mass flow rate, it will be possible to determine the real air 

supplied. 

In most cases when sizing the theoretical air needed for a combustion system, the flue gas is 

analysed using Orsat analysis (Howell 2009). This method determines the percent carbon dioxide 

(CO2), carbon monoxide (CO) and oxygen (O2) by percent volume in the flue gas. Knowing 

information and the chemical equations governing the combustion process, it is possible to 

determine the amount of air needed. This technique is applied and works very well with simple 

fuels such as methane or hydrocarbon fuels (Howell 2009).  

However, in this case, the fuel cannot be simply represented chemically since it is in the form of 

wood pellets. Wood pellets are simply biomass from grass or trees which has been reduced in size 

but has a great increase in density. These wood pellets are a highly efficient fuel as they are 

composed of little ash (>0.2%) and very low moisture (≈5%) (Lefsrud 2010). Therefore there 

chemical composition is the same as a biomass.  Biomass composition can be separated into 3 main 

compositions: cellulose, hemicellulose and lignin.  
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Figure 1:Composition of Biomass and there Percentage Value 

 

Cellulose and hemicellulose are themselves mainly composed of glucose (C6H12O6) (Lefsrud 2010). 

For these reasons, the assumption is made that glucose is the main source of fuel for the combustion 

process. To determine the theoretical air supply needed, there must be the exact amount of oxygen 

that will convert all of the fuel into water, carbon dioxide and heat. 

(2)                  
      
                

There are two other important processes that occur during combustion which need to be taken into 

account when trying to determine the air supply needed: the conversion of Nitrogen (N) from the 

air to Nitric Oxide (NO) and the sulfur in the fuel to Sulfur Dioxide (SO2). These compounds are 

considered as they are found in much greater proportions in the flue gas than any other. 

(3)                 

(4)                  

Knowing these reactions and knowing the concentrations of carbon dioxide, nitric oxide and sulfur 

dioxide in the flue gas, it will possible to determine the oxygen required for all three processes by 

stoichiometry. Once the amount of oxygen is summed for all three processes, this will be our 

theoretical air supply needed for a certain amount of fuel. The heating value of the wood pellets and 

the energy output of the furnace are known to be of 18.5 MJ/kg and 126.6 MJ respectively, the 

amount of air needed per second can be determined.  
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However after analysing the flue gas, the concentrations of NO and SO2 are very low compared to 

the CO2 concentrations. Therefore, we assume that the contributions of oxygen are negligible and 

may be omitted in the calculations.  

2.3 Heating and cooling the air 

To achieve are objective concentrations exiting the modified exhaust system, it is important that the 

devices work as effectively as possible. Most of the devices efficiencies, such as the catalytic 

converter, are temperature dependant. Also, some other parts of the exhaust system such as the fans 

and the dilution membrane can be damaged by high temperatures. Because of these conditions, it is 

of upmost importance to mathematically model the temperature profile along the exhaust to ensure 

a properly working physical model. 

2.3.1 Radial Heat Transfer  

Before attempting to model the temperature profile, it is important to understand basic heat transfer 

theories. As the flue gas travels through the exhaust system, the heat contained in it will be 

diminished due to convection and conduction. Conduction by heat transfer is governed by Fourier’s 

law of heat conduction (Holman 2010): 

(5)             
  

  
 

 

A is the area normal to the direction of heat transfer (m
2
) 

  

  
 is the temperature gradient in the direction of heat flow 

k is the thermal conductivity (W/m K) 

   is the heat transfer rate (W) 

 

The negative sign indicates that the heat transfer occurs in the direction of decreasing temperature. 

The thermal conductivity is specific to the material’s properties.  In the case of a hollow cylinder, 

like the ductwork, this equation becomes (Holman 2010): 

(6)               
  

  
 

L is the length of the cylinder on which the heat transfer occurs (m) 

r is the variable radii throughout the cylinder (m) 
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Figure 2: Cross-Sectional view of Exhaust System Tubing 

 

 

By setting the following boundary conditions and solving the differential equation, the following is 

obtained (Holman 2010): 

               

               

(7)          
           

          
 

Ti is the temperature along the wall of the inner radius (m) 

To is the temperature along the wall of the outer radius (m) 

And the thermal resistance of the pipe is: 

(8)             
          

    
 

It is important to note for this equation to be valid, the assumption must be made that cylinders 

length must be much larger than its radii (Holman 2010). 

Convection on the other hand is governed by Newton’s law of cooling (Holman 2010). 

(9)                   

h is the convective heat transfer coefficient (W/m
2
 K) 

ro 

r 

ri 



11 
 

Ts is temperature at the wall surface (K) 

Tf is the fluid temperature (K) 

The convective resistance can be written as: 

(10)            
 

  
 

The simplest way to represent this problem is by using the electrical analog method, where the heat 

flow is analog to the current, the thermal resistance to the electrical resistance and the temperature 

difference to the electrical potential (Holman 2010). Recall that: 

(11)        
  

 
 

Therefore: 

(12)         
  

  
 

 

 

 

 

This could also be represented schematically as: 

 

 

 

 

 

 

With this logic: 

(13)        
        

 

      
 
          

    
 

 

        

 

Tfluid To Ti Tair 

 

    
 

          

    
 

 

    
 

   

Figure 3: Equivalent Overall Radial Heat Transfer through the System 
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In this equation Tin signifies the temperature at the center of the flue gas and Tout represents the 

temperature exterior to the exhaust system. With this equation, the heat transfer rate leaving the 

system can be determined at a certain point along the exhaust. Knowing that the thickness of the 

pipes is negligible when compared to the inner and outer radii, equation (19) could be rewritten as: 

(14)        
                          

           
 

 

2.3.2 Heating the air 

In order for the catalytic converter to function properly, the flue gas temperature must be above 200
 

o
C (Heck et al, 2009) in order to function properly. However, the flue gas has a measured 

temperature of 190 
o
C. For our exhaust system to work properly, we must therefore increase the 

temperature significantly. To do so, a heating coil was introduced into the exhaust system just 

before the catalytic converter. For economic reasons, the coil was taken from a small heating 

element. The element was then machined into a coil in order for it to fit into the exhaust. 

Figure 4: Coil Placed Inside Exhaust System 

 

In order to properly determine the temperature of the air exiting the coil, a heat transfer analysis 

should be conducted. However, when trying to analyze this problem, the complex shape of the 

heating coil transforms this simple analysis into a very complicated one. In order to simplify this 

analysis, a thermodynamics approach is used to solve this problem as we recall the first law of 

thermodynamics: conservation of energy. This simply means that the energy emitted by the coil 

will be received by the air and the outer wall of the tube. Assuming that the flue gas receives most 
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of the energy, we can determine the outgoing temperature. The thermodynamic approach is a valid 

one since our system is designed for operating at steady-state and we are only concerned about the 

overall energy transfer (Cengel 2006).  

The energy for a control volume is governed by the following equation: 

(15)                                     

Where: 

e is the sum of the internal energy (u), kinetic energy (KE) and potential energy (PE) per mass 

(kJ/kg) 

   is the mass flow rate (kg/s) 

P is the pressure (kPa) 

   is the heat Entering the control volume (kW) 

v is the specific volume (m
3
/kg) 

   is the work being done on the system (kW) 

 

In the case of the flue gas going through the coil, the difference in potential and kinetic energy are 

equal to zero and can be omitted from the equation. Also, enthalpy can be defined as (Cengel 

2006): 

(16)             

With this information, the conservation of energy equation for our control volume becomes: 

 



14 
 

Figure 5: Schematic of Control Volume 

 

(17)           
            

  
 

The electric work given to the system is specified by the manufacturer of the heating element. The 

mass flow rate can be determined experimentally by knowing the volumetric flow and the density 

of the air entering the furnace. The incoming enthalpy can also be determined by knowing the 

temperature entering the coil (190
o
C) and applying the following empirical relationship (Howell 

2009): 

(18)                            

Where 

ω is the humidity ratio (kgwater/kgdry air) 

T is the dry bulb temperature (
o
C) 

This relationship is valid assuming that the flue gas behaves like air. The humidity ratio is the sum 

of the humidity of the incoming air of the furnace which can be found by knowing the ambient 

conditions and by using a psychometric chart and the water content added during the combustion 

process which can be determine using the combustion equation (2). The temperature entering the 

catalytic converter can then finally be determined by rearranging equation (18): 

   

hin 

 

 

hout 
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(19)        
       

           
 

2.3.3 Cooling the air by Convection 

Once the air is heated to increase the efficiency of the catalytic converter, it must then be cooled 

because of the fans and the poly membrane that cannot support extremely high temperatures. In 

order to do so, the flue gas will cool due to the natural convection of the air as it travels through the 

non-insulated duct and will cool once again due to a small heat exchanger. In order for the system 

to be cost-effective and simple to build, the heat exchanger will consist of the exhaust ductwork 

passing through a large plastic container filled with water.  

To model these systems and determine the temperature exiting heat exchanger, a heat transfer 

analysis will be done, since the geometries are much simpler. By knowing the temperature of the 

flue gas leaving the heating section, and by using the general heat transfer equation (14) developed 

in the previous section, it will be possible to determine the heat transfer rate leaving the ductwork 

radially at that specific point. In order to know the temperature profile along the whole exhaust 

system, a numerical analysis must be done. The exhaust length must be divided into very small 

sections in which the amount of heat leaving the system will be determined, and a new temperature 

will be calculated using the following equation (Cengel 2006): 

(20)                      

Where 

cp is the heat capacity the of air (kJ/kg K) 

Ti is the temperature of the flue gas entering the section (K) 

Ti+1 is the temperature of the flue gas exiting the section (K) 

With this equation, the temperature exiting the section can be determined. This process must be 

reiterated many times in order to cover the entire length of the exhaust. This iteration process can 

be done using programming software such as MatLab. 

2.3.4 Cooling the Air by Dilution 

The final step of the cooling is done by dilution. This is done by mixing the exhaust gas with air at 

ambient temperature. From the previous section, the temperature exiting the heat exchanger is 

known and so is the humidity ratio which did not change since the combustion stage. Therefore, 

using equation (18), the enthalpy can be determined. Also, by knowing the ambient conditions of 
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the greenhouse and using a psychometric chart, the ambient enthalpy and the ambient humidity 

ratio can also be determined.  

 

Figure 6: Schematic of Adiabatic Mixing Air Streams 

 

With this information, the temperature of the newly mixed flue gas can be determined with the 

following sets of equations (Howell 2009): 

(21)                                        

(22)                                         

With these values now known, the final temperature can be determined using equation (19). By 

completing this section, it is now possible to have an approximate temperature profile if the flue gas 

as it travels throughout the exhaust system; this is an approximation since many assumptions were 

made and other parameters that where harder to be estimated, such as air infiltration, were omitted.  

2.4 Catalytic Converter 

Commonly found in cars, catalytic converter converts toxic emissions from internal 

combustion into less hazardous substances. A catalytic converter is divided into two different 

catalysts. Reduction catalysts cause NOx to be reduced into O2 and N2. Oxidation catalysts cause 

hydrocarbons (HC) and CO to oxidize with any available oxygen into CO2 and water (H2O). 

      

hair 

ωair 

       

hflue 

ωflue 

        

hmixed 

ωmixed 
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Unfortunately, oxidation will only occur when there is enough free oxygen, and reduction will only 

occur in a relative absence of free oxygen.  In general, oxidation and reduction cannot both occur at 

their highest efficiency at the same time and would follow the trend on Figure 7.  

 

Figure 7: Relations between NOx reduction efficiency versus CO & HC oxidation efficiency at 

different exhaust oxygen concentration. 

 

 

Both catalysts are made of a ceramic structure coated by a precious metal such as palladium, 

platinum or rhodium. Platinum and palladium promote the oxidation of CO and HC, whereas 

rhodium promotes the reduction of NOx. (Sideris, 1998) In order to maximize surface area and 

minimise the quantity of precious metal used, the catalyst are usually shaped like honeycombs, 

either squares or triangles, in order to get more surface area. For 1995+ vehicles, advanced 

substrates honeycomb substrates achieve faster light off, lower back pressure and are smaller than 

first generation substrate design in the 1970s. (Heck et al, 2009)  

A drawback of catalytic converter is that they are required to operate at a high temperature in order 

to be efficient. In fact, the activation energy for Pt catalyzed CO to CO2 is about 20 Kcal/mole, 

compared to 40 Kcal/mole for non-catalyzed or thermal reaction. (Heck et al, 2009) The figure 8 

shows a plot of the conversion of CO versus temperature where the catalyzed reaction as a lightoff 

temperature around 200°C. Thus, the temperature must be carefully controlled within the catalytic 

converter. 
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Figure 8: Conversion of CO versus temperature for catalyzed and noncatalyzed reactions 

(Heck et al, 2009) 

 

 

2.4.1 Cold start-up 

During a cold start-up, the temperature in the catalytic converter is very low. Hence, the catalyst 

reaction is not activated. Until the light-off temperature, contaminants such as CO or HC are not 

converted and 60-80% of existing HC are produced from the start-up time to the time the converter 

starts operating. (Sideris, 1998) There are two approaches to solve this problem: active and passive 

approach. The active approach relies on the addition of energy (e.g. heat) in order to raise the 

exhaust temperature. Systems such as electric heated converter (EHC), afterburners and fuel 

burners are considered active methods. Passive approach relies on the use of gas reducing exhaust 

system to reduce cold-start emissions. Positioning the catalytic converter closer to burner, use of 

secondary converters or HC absorbents are some examples.  

2.4.2 Sizing of catalytic converter substrate 

The cell shape and size will affect the performance and durability of the catalytic converter. For 

good light-off effectiveness, the substrate must have a high light-off (LOF) value. For high 

conversion efficiency, the substrate must have a high cell density (n), geometric surface area (GSA) 

and bulk heat transfer (Hs) values. For low back pressure, the substrate must have high open frontal 

area (OFA), large hydraulic diameter (Dh) and low resistance to flow (Rf) values. (Heck et al, 

2009). The size of a substrate would depend on these factors. 
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The total surface area (TSA) can be defined as: 

(23)                  

Where  

V is the substrate volume, which is given by 

(24)               

Where  

A is the cross-section area in (m) and l is the cross-sectional length of substrate in (m). 

The backpressure is related to the flow velocity: 

(25)         
  

      
 

Where 

 Ve is the flow rate (m
3
/s). 

2.4.3 Efficiency 

The catalyst in a catalytic converter has a limited lifetime so that the efficiency of the converter will 

deteriorates with time and use. Some contaminants such as lead, sulfur or phosphorus can inhibits 

the catalysts as they will contaminate the washcoat and noble metal, and reduce the active catalytic 

area (Sideris, 1998). Therefore, it is desirable to monitor the performance of the catalytic converter. 

There are three main methods of monitoring: (1) use of oxygen or air/fuel ratio (λ) sensors 

upstream and downstream of the converter, (2) use temperature measurements of the exhaust gases 

inside or outside the catalytic converter and (3) use of HC, CO or NOx sensors. 

 

The most obvious way to diagnose the efficiency of the catalytic converter would be the direct 

measurements of HC, CO and NOx. For each type of contaminants, the conversion efficiency are 

computed as ratios of average concentrations before and after the catalytic converter. For example, 

the concentrations of the CO upstream and downstream of the converter are measured and the 

following ratio is formed: 
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(26)         
     

     
      

 

Where 

(CO)1 is the CO concentration of the exhaust gas upstream the catalytic converter 

(CO)2 is the CO concentration of the exhaust gas downstream the catalytic converter. 

2.5 Membrane 

The transport of gases through a dense polymeric membrane is usually described by the 

solution-diffusion mechanism. In this model the gases dissolve in the membrane material and then 

dissolve through it down a concentration gradient. This model is usually has three steps: (i) the 

adsorption or the absorption of the gases upstream (sorption step), (ii) the diffusion through the 

membrane and (iii) desorption or evaporation on the downstream side of the membrane. Ultimately 

the gradient concentration between both sides of the membrane is the driving force of the transport 

process (sorption, diffusion and permeation). The relationship between solubility, diffusivity, 

permeability, can be described by:  

 

(27)            

Where: 

P is the permeability coefficient, a measure of the flux of the membrane (cm
3 

(STP) cm
-2 

s
-1

 cmHg
-

1
). The common unit of permeability is the barrer (10

-10
 cm

 
(STP) cm

-2
 s

-1
 cmHg

-1
) 

D is the diffusivity coefficient (cm
2
 s

-1
), the mobility of molecules within the membrane  

S the solubility coefficient (cm
 
(STP) cmHg

-1
), which measures the solubility of gas molecules 

within the membrane 

 

For ideal  gases the, the permeability is related to the gas permeation rate through the membrane 

(Q), the surface area of the membrane (A), the thickness of the membrane (l) and the driving force 

for separation, the pressure difference across the membrane (Δp): 

(28)      
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The ideal selectivity (α) of one gas, A, over another gas, B, is defined as: 

 

(29)          
  

  
  

  

  
 
  

  
 

Polymeric membranes can be classified into either the rubbery or glassy category. This depends on 

the operating temperature relative to the glass transition temperature of the polymer. Rubbery 

membranes that operate above the glass transition temperature are able to rearrange in a small 

enough time period and are usually in thermodynamic equilibrium. Therefore the gas solubility 

within the polymer follows Henry’s Law and is linearly proportional to the partial pressure or 

fugacity, ƒ.  

 

(30)              ƒ 

 

Where CD is the concentration of gas in the polymer matrix and is proportional through the 

Henry’s Law constant (KD) 

 

However glassy membranes operate below the glass transition temperature therefore polymer 

rearrangement is over a very long time period which means that the membrane never reaches 

thermodynamic equilibrium. The polymer chains are imperfectly aligned which leads to excess free 

volume (microscopic voids in matrix). This increases solubility and decreases selectivity. 

 

 In our design we had chosen a low density polyethylene membrane (LDPE) which has a 

glass transition temperature of -120 
o
C which means the membrane is operating in a rubbery state. 

The melting point of the LDPE ranges from 105 
o
C and 115 

o
C and its maximum continued use 

temperature is approximately 80 
o
C.  The thickness of the membrane is 1 mm and the total surface 

are of the membrane is 11.8 m
2
. We also know based on the molecular weight and kinetic diameter 

of the molecules that the ideal selectivity’s of the gases through the membranes are as follows:  
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Table 2: Moleculear Weight and Kinetic Diameter of gases encountered in the separation 

Molecule Molecular weight Kinetic Diameter 

CO 44 3.3 

NO 28 3.76 

CO2 30 3.17 

SO2 64 2.3 

 

(30)                    

(31)                    

(32)                     

 

Therefore from the ideal selectivity’s calculated above we know that it will selectively 

permeate more CO2 in comparison to CO and NO. CO2/SO2 selectivity has a ratio of roughly one 

which is not ideal but cannot be changed since it is independent of the membranes properties. To 

calculate the permeation rate through the membrane many parameters need to be taken into 

account. The forces of pressure, temperature, concentration and electromotive forces are the ones 

that essentially need to be considered. These parameters are interrelated and need to be set up as a 

differential equation system. Mathematical simulation packages such as ASPEN Plus are capable of 

doing this and can determine the flow rate across the membrane. Such packages have extensive 

internal property data base however even with this simulation package the permeability coefficients 

for each gas would need to be experimentally found with a permeation experiment. This is when the 

use of the simple mathematical model is used. An ideal gas is flowed through a membrane with a 

known thickness and the permeation rate is measured. The results are plotted and the permeability 

coefficient is found. This experiment requires a sophisticated experimental apparatus and could be 

the object of an entire research project of its own. This data is unavailable since such experiments 

are undocumented for the gases that are of interest to us with the membrane system are designing. 

Past literature is void of data from the gases emitted by the exhaust from biomass combustion with 

a polyethylene membrane. Therefore we are counting on determining the permeation rates of the 

different gases through the physical model of our system. It would be highly recommended for 

further research purposes and advances in the realization of this project to determine the ideal 

membrane using a simulation package such as ASPEN Plus since it would reduce the uncertainty of 
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the system and prove mathematically the validity of the system. It would require extensive work to 

determine the permeability coefficients but would result a much more reliable system with less 

uncertainty.   

 

2.6 CAD Model 

 The next step is to design the exhaust system that will filter the flue gas from its 

contaminants. This model would have to be based on the size of the greenhouse at Macdonald 

Market, the furnace and its current exhaust and heating tubes, and the catalytic converter. The other 

components can be modified in respect of the flow requirements. 

In Figure 9, the furnace and its heating tubes remain unchanged. However, the tube system going 

out of the chimney is slightly modified. In the system, a tee-fitting is installed right before the 

chimney to divert the flue gas to the catalytic converter. The catalytic converter was installed at that 

location so there will not be any backflow from catalytic converter, which will trigger the 

backpressure sensor of the furnace and shut it down. To increase the inlet temperature of the 

catalytic converter, the heating coil is placed before the catalytic converter.  

Figure 9: Isometric view of the exhaust system at the Macdonald Market Greenhouse 

 

 

Downstream of the catalytic converter, the tube will go through the heat exchanger as seen in 

Figure 10. In this case, a water tank with cold water serves as the heat exchanger. The diameter of 

the tube can also be increased to have a higher surface area, thus a higher convection rate. After the 

heat exchanger, one fan will be pulling flue gas from the tee-connection. Another fan, used for 

dilution, will be pushing ambient air in the system at the Y-junction. It is essential to keep an 

airtight environment in the whole system because air would be drawn inside little cracks from the 

fittings instead of the flue gas. 
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Figure 10: Right and Left view of the exhaust system at the Macdonald Market Greenhouse 

 

 

Finally, the exhaust tube is connected to the semi-permeable membrane, which goes up to the front 

door. The excess gas would be dumped outside. Actual pictures of the exhaust system are available 

in the annex. 

Figure 11: Front and Back view of the exhaust system at the Macdonald Market Greenhouse 

 

 

2.7 Air Changes for Optimal CO2 Range 

 The optimal CO2 concentration in a greenhouse ranges from 1000 to 1500 mg/L in order to 

achieve maximum plant yield. The appropriate CO2 injection rate from the furnace must be 

determined in order to have the CO2 concentration in the appropriate range. To do so the ventilation 

in greenhouses must be carefully discussed. The main objectives of greenhouse ventilation are to 

control temperatures in the summer and humidity levels in the winter. However the ventilation is 

subdivided into three categories; summer, winter and spring/fall.  

For winter ventilation the main factor that influences the rate of ventilation is the quantity of 

moist air within the greenhouse. If it is not removed, high humidity and excessive condensation will 

occur. High moisture content conditions promote diseases within the plants and inhibit the soil from 

drying and must be avoided. When setting the climate conditions for the greenhouse, a relative 

humidity of 100% must be avoided in order to prevent condensation to occur, which is responsible 

Right Left 

Front Back 
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for disease transmittance between plants (Hanan 1998). Over 90% humidity also leads to leaf 

mould, fruit and stem rot. Since the plants transpire, water is constantly being added to the 

environment. When temperature decrease, such as in the evening, the dew point will most likely be 

reached and condensation will occur. Condensation also occurs when warm, moist air from inside 

the greenhouse comes in contact with a cold surface such as glass, fibreglass, plastic or structural 

members (Nelson 1998). For example, condensation occurs if air in a greenhouse at 70° F and 70% 

relative humidity comes in contact with a surface that is 60° F or colder (see Figure A.1 in 

appendix). Air exchange is the most effective method of lowering relative humidity.  Nonetheless, 

70 to 80% relative humidity must be achieved for plant health. When the ventilation rate increases 

in winter so do the heating costs therefore it is necessary to find the optimal rate that will keep the 

humidity below the damaging levels and the heating costs low. Ventilation requirements for the 

greenhouse in winter are generally in the order of two to three air changes per hour. Ventilation 

rates of less than two air change per hour should be avoided at all costs since ventilation also 

assures a good air quality in the greenhouse (Buffington et al. 1993) 

In summer the main purpose of ventilation is to prevent the temperatures inside the 

greenhouse from rising too high above the outside air temperature. The minimum ventilation rate 

for summer is one air change per minute. This minimum ventilation rate is generally accepted in the 

greenhouse industry. However ventilation rates range from one air change every three minutes to 3 

changes per minute. As the ventilation rate increases the temperature difference between the inside 

and outside air is decreased however this leads to a higher cost of fans and operating costs (see 

Figure A.2 in appendix). No matter how many air changes are performed ever minute the 

temperature will never be the same inside and out. To achieve this other cooling methods than 

ventilation need to be used (i.e. evaporation pad) 

 In spring and fall the ventilation rate is somewhere between the rates required for summer 

temperature control and those required for winter humidity control. This is because there are cool 

and cloudy days while other days can be warm and sunny.  

For the greenhouse at the Macdonald market with the Caddy Alterna funace we are faced 

with the following situation. Firstly when the furnace is running on a hot summer day at 1 air 

change per minute the CO2 concentration is at 614 mg/L. This is under the desired conditions but is 

still significantly greater than the atmospheric concentration of 490 mg/L. When the furnace is 
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running on a cold winter day at 1 air change every hour the CO2 concentration in the greenhouse 

climbs up to 7327 mg/L. This is way above the desired CO2 levels. This means that the furnace 

should be run at a lesser intensity. Therefore a CO2 sensor would need to be placed in the 

greenhouse that controls the amount of exhaust directed into the greenhouse so that it doesn’t 

exceed the maximum concentration of 5000 mg/L of CO2. With the furnace running at maximum 

intensity the optimal air change rate is 1 air change per 10 minute (1638 mg/L). (See calculations in 

Section 1.2 of Annexe). We must remember that we assume that all the CO2 produced by the 

furnace ends up in the greenhouse which is very unlikely.  

Figure 12: CO2 concentration as a function of air changes in greenhouse 

 

3. Prototype 

A mathematical analysis of the model was the first step in the prototyping of the exhaust cleaning 

system. However this model had many limitations due to the complexity of the system and the 

limited predictability of very context specific processes such as the efficiency of the catalytic 

converters reaction and the membrane diffusion. This is the major reason why a physical model 

needed to be constructed and tested in the Macdonald Market experimental greenhouse. The system 

was assembled with a limited budget and the fundamental goal was to quantify the reductions of 

toxic compounds that each component of the system could offer. This exercise proves to be a step 
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forward in the direction of developing this technology and gathering preliminary data. Not all the 

ideal conditions were respected for an optimal functioning system however this is attributed to the 

budget restrictions. The following sections will explore the mathematical analysis of the system, 

provide detailed plans of the physical model and provide the experimental reductions that each 

component could provide.  

4. Modeling and Testing 

4.1 Modeling Results 
In this section, the results of the different models will be presented, please refer to the appendix.  

The air to fuel ratio was first determined. It was quickly realised that the actual and real air to fuel 

ratio was estimated to be higher than the supposed theoretical ratio.  

Table 3: Comparison of Actual and Theoretical Air to Fuel Ratios 

Actual A/F ratio Theoretical A/F 

5.73 3.73 

 

Because the actual value is already higher than the theoretical proposed value, we have decided to 

omit this modification since this analysis clearly demonstrates that enough air is already present 

during the combustion process and there would be no benefit of adding any more air to the system. 

Using the theory previously established, the temperature was mathematically determined at various 

points along the exhaust. 

Table 4: Temperature along Critical points of the Exhaust System 

Location Temperature (
o
C) 

Before Catalytic Converter 191 

After Catalytic Converter 273 

Before Heat Exchanger 164 

After Heat Exchanger 97 

After Dilution 27 
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As indicated in the above table, with the use of the coil the temperature should raise too 

approximately 273
o
C which allows the flue gas to be in the working range of the catalytic 

converter. It is important to note that the temperature also drops to 27
o
C due to the cooling of the 

heat exchanger and the dilution. This is important as the temperature drops well below the 

manufacture specifications of the maximum temperature of the fans and the polyethylene 

membrane which are in the 100
 o

C to 130
o
C range. With the help of this model, it is now safe for 

the devices to begin the actual testing of the prototype.  

4.2 Test Results 

 

Table 5: Test results of physical model 

 CO2 (g/L) CO 
(mg/L) 

NO (mg/L) NOx  (mg/L) NO2 (mg/L) 

Before 
Catalytic 
Converter 

54  609 39,1 41,1 2,1 

After Catalytic 
Converter 

58 ~ 0 44,7 46,9 2,2 

Difference in 
Catalytic 
Converter 

+ 7%   ~100%   14%   14%   5% 

Beginning 
Membrane 

21 ~ 0 12,7 13,4 0,6 

End 
Membrane 

19 ~ 0 12,7 13,3 0,7 

Difference in 
Membrane 

  10% ~ 0%   0% ~ 0.1%    16% 

 

As we can see from the previous table, the catalytic converter achieved a near 100% CO reduction. 

The CO sensor has an error range of 10 mg/L which is why we cannot say it is 100% efficient. We 

can also note a 7% increase in CO2 through the converter due to the reactions in th converter. The 
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increase in the NO, NOx and NO2 compounds is also attributed to the catalytic converter reactions 

although this is undesirable. As for the membrane, we notice that the permeation of the NO, NOx 

and NO2 is negligible and we can notice that the CO2 permeation rate is 10%.  

4.3 Discussion 
For future work on this project many improvements also need to be made based on our 

findings from the physical model.  Now that we have experimental data that proves that the 

catalytic converter efficiently reduces the CO concentrations sizing of the converter becomes 

important. It needs to be sized as not to restrict the air flow through the system. This would allow 

for the entirety of the exhaust gases to pass through the cleaning system. At the moment only part 

of the gases are passing through it since the catalytic converter offers a resistance to the flow.  Now 

that we have eliminated the CO component of the exhaust gases, which was the major difficulty, it 

now becomes an option to look at an alternative that would allow for a better utilization of the CO2 

stream. In fact our membrane separation that is part of our design only allows for a fraction of the 

CO2 to be permeated into the greenhouse. At the moment 90% of the CO2 produced by the 

combustion is being released back into the atmosphere. Therefore we believe that the use of a water 

scrubber that would allow the removal of the particulates, NOx and SOx would be a better option 

than the membrane. Once the flue gas has passed through the water scrubber if the efficiency is 

adequate it could be directed directly into the greenhouse and all the CO2 could be utilized to its full 

potential. This however remains to be tested and further work is required on designing the said 

water scrubber.  

5. Optimization 

In order to optimize the system we constructed many modifications would need to be considered. 

Firstly in order to have an optimal reaction in the catalytic converter the flue gas needs to enter at 

1000
o
C therefore the heating coil would need to be able to achieve this baseline temperature. The 

coil that was built in the physical model could only achieve a flue gas temperature of 334
o
C but was 

assembled using a stove top coil and its cost was under 20$. However it is noteworthy to mention 

that the efficiency of the catalytic converter was close to 100% even with the reduced inlet 

temperature. Another major improvement would be the location of the fan that pulls the exhaust 

gases through the cleaning system. Optimally the fan would be placed before the catalytic converter 
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and would blow the air through. However this fan would need to be highly resistant to temperatures 

and these fans are far more expensive than lesser temperature resistant fans. Our fan was certified 

for 266
o
C which allowed it only to be placed after the cooling of the gases was done. These 

modifications would not drastically improve the system and we strongly encourage the exploration 

of the recommendations made in the discussion section of the report since these modifications 

could yield a more efficient system that has the potential to be commercialized.  

6. Conclusion 

To summarize our design III final project we are pleased with the major step forward that was 

accomplished in the realization of the objective. The conclusive experimental data that was 

obtained from the testing of the physical model allows the continuation of the project. In fact the 

successful removal of the CO through the catalytic converter is a first in terms of cleaning the gases 

emitted from biomass combustion. This is an area of research that has not been explored yet and the 

potential for patentability and commercialization is quite reasonable. The project will continue 

throughout the summer since budgets have been released to allow Mr. Yves Roy to work on our 

recommendations presented in this report. This of course still under the supervision of Dr. Mark 

Lesfrud which we thank once again to have allowed us to be part of this innovative project. We are 

very pleased with the work that has been accomplished and are aware of the work and challenges 

that still lie ahead before a marketable system can be produced.  
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Appendix 

Greenhouse Ventilation 

Figure A.1: Inside relative humidity that would result as a function of the different winter ventilation rates for 

60° F and 70° F (Buffington et al. 1993) 

 

Figure A.2: The resulting temperature increases (inside temperature minus outside temperature) on a clear 

summer day for the greenhouse (Buffington et al. 1993) 

 

Determining Ventilation Volume Rates: 

Diameter of greenhouse = 18.5 ft 

Length of greenhouse = 97 ft  
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  (2 air changes per 

hour) 

Determining CO2 injection rate: 

Volumetric flow rate from exhaust = 0.001 m
3
/s 

Measured CO2 concentration in exhaust = 70 000 mg/L 
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Optimal CO2 concentration in greenhouse = 1500 mg/L 

Table A.1 : Determining CO2 injection rate 

 

air changes 

air changes per 

min Sec before air change 

V Exhaust CO2 

(m^3) 

 2 air changes per minute 2.0000 30.0000 0.0210 

 1 air change per minute 1.0000 60.0000 0.0420 

 1 air change every 2 minutes 0.5000 120.0000 0.0840 

 1 air change every 4 minutes 0.2500 240.0000 0.1680 

 1 air change every 10 minutes 0.1000 600.0000 0.4201 

 1 air change every 15 minutes 0.0667 900.0000 0.6301 

 1 air change every 30 minutes 0.0333 1800.0000 1.2602 

 1 air change every 45 minutes 0.0222 2700.0000 1.8902 

 1 air change every hour 0.0167 3600.0000 2.5203 

 

V of prexisting CO2 (m^3)  

Total V CO2 

(m^3) 

V of Greenhouse 

(m^3) % CO2 

mg/L 

CO2 

0.1846 0.2056 369.17 0.0557 557 

0.1846 0.2266 369.17 0.0614 614 

0.1846 0.2686 369.17 0.0728 728 

0.1846 0.3526 369.17 0.0955 955 

0.1846 0.6046 369.17 0.1638 1638 

0.1846 0.8147 369.17 0.2207 2207 

0.1846 1.4447 369.17 0.3913 3913 

0.1846 2.0748 369.17 0.5620 5620 

0.1846 2.7049 369.17 0.7327 7327 

 

Air/Fuel Ratio 

Theoretical 

Important Parameters: 

Molar Masses:  

O2 = 31.998 g/mol         

C6H12O6 = 180.156 g/mol 

H2O = 18.015 g/mol 
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Compositions: 

% Oxygen in Air = 21 % 

% Glucose in Biomass ≈ 70% 

Table A.2: Composition of Biomass 

Lignin Cellulose Hemicellulose 

[15-20]% [38–50] % [23-32]% 

 

The modeling of the theoretical air to fuel ratio first begins using equation (2) 

(2)               
      
                

 

Using the appropriate molar masses, the theoretical air/fuel ratio is determined to be: 

 

 
 

      
       
   

 
 
   

      
        

   
 
 
   

      
     
      

 

Actual 

The actual air to fuel ratio can also be determined. Using the experimentally determined values: 

Incoming air velocity =1.7 m/s 

Inlet area = 0.0059 m
2
 

Density of air = 1.2 kg/m
3
 (Crowe 2009) @ 20

o
C 

Furnace Consumption ≈ 5 bags of pellets 12 hours 

1 bag of pellets = 18.14 kg 

                                        

 

 
 
                        

          
      

Equation (1) can now be calculated 
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Temperature Profile Calculations 

Heating 

Important Parameters: 

Tdb = 24 
o
C (Langhans 1998) 

Tflue gas = 191 
o
C (Experimental) 

RH = 70 % (Langhans 1998) 

   = 1200 W (Specified by manufacture) 

hforced convection = 100 W/m
2
K (Howell 2009) 

Length = 0.305 m 

Radii = 0.051 m 

hnatural convection
 
= 10 W/m

2
K (Howell 2009) 

First the humidity must be determined from the psychometric chart and the biomass equation. 

Using the psychometric chart the humidity ratio of the incoming air is determined to be: 

                          

                               
 

   
          

Table A.3: Breakdown of Water content in Incoming Air 

Water Content (g) Dry Air Content (g) 

12.48 947.46 

 

                                       

  
                

                 
                

It is now possible to determine the temperature entering the catalytic converter 
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Cooling 
As mentioned in the report section, in order to determine the temperature profile in the cooling part 

of the exhaust system, a numerical analysis must be conducted using Matlab. The first code was 

used to determine the flue gas temperature as it was cooled due to the natural convection of the air, 

while the second Matlab code determines the temperature profile while being cooled due to the 

natural convection of water. 

%% Design cooling of the flue Gases 
% h_air = forced air convection (Howell 2009) 
% h_fluid = Natural Water Convection (Howell 2009) 
% r - radius 
% L = length of cylinder 
% Li= lenght of ith unit lenght 
% i = number of iterations 
% T_w = Temperature of water 
% T_a1 = initial exhaust temperature 
% Specific heat capacity in J/g*K 
% m= mass flow rate in kg/s 

  
h_air = 100 ; % W/m^2 K 
h_fluid = 10; % W/m^2 K 
r = 0.0508 ; % m 
i = 500; 
L= 2.26 % m  
Li = L/i ; % m 
T_air = 297.15 ;% K 
T_A1 = 546.55; % K 
V=0.01 % m^3/s 

  

  
for k= 1:500 
    q =[h_air*h_fluid*2*pi*r*Li*(T_A1-T_air)]/(h_air + h_fluid); 
    Cp = (0.0002*T_A1+0.9296)/1000; 
    m = 0.01177; 
    T_A2 = T_A1 - (q/m*Cp) ; 

     
    T_A1 = T_A2 
    L= k*Li; 

     
    hold all 
    plot(L,T_A1, 'Blue'); 

  
end 

  

  
title('Duct temperature drop due to natural air convection') 
xlabel('Lenght along the duct in meters') 
ylabel('Temperature in degrees K') 

 

%% Design Cooling of the flue Gases 
% h_air = forced air convection ASHRAE 
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% h_fluid = Natural Water Convection ASHRAE 
% r - radius 
% L = length of cylinder 
% Li= lenght of ith unit lenght 
% i = number of iterations 
% T_w = Temperature of water 
% T_a1 = initial exhaust temperature 
% Specific heat capacity in J/g*K 
% rho = density in k/m^3 
% m= mass flow rate in kg/s 

  
h_air = 100 ; % W/m^2 K 
h_fluid = 50; % W/m^2 K 
r = 0.0762 ; % m 
i = 500; 
L= 0.4572 % m  
Li = L/i ; % m 
T_w = 293.15 ;% K 
T_A1 = 437.8375 ; % K 
V=0.01 % m^3/s 

  

  
for k= 1:500 
    q =[h_air*h_fluid*2*pi*r*Li*(T_A1-T_w)]/(h_air + h_fluid); 
    Cp = (0.0002*T_A1+0.9296)/1000; 
    m = 0.01177; 
    T_A2 = T_A1 - (q/m*Cp) ; 

     
    T_A1 = T_A2 
    L= k*Li; 

     
    hold all 
    plot(L,T_A1, 'Blue'); 

  
end 

  

  
title('Temperature Drop of flue gas along Heat Exchanger') 
xlabel('Lenght along the Duct in meters') 
ylabel('Temperature in degrees K') 

 

In order to do these calculations, the heat capacity of the air needed to be determined. Using Excel, 

the relationship between the specific heat capacities at different temperature of the air was curved 

fitted: 
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Table A.4: Relationship of specific heat with respect to temperature 

T 
(K) 

Cpair 

(kJ/kg oC) 
T 

(K) 
Cpair 

(kJ/kg oC) 

100 1.0266 550 1.0392 

150 1.0099 600 1.0551 

200 1.0061 650 1.0635 

250 1.0053 700 1.0752 

300 1.0057 750 1.0856 

350 1.009 800 1.0978 

400 1.014 850 1.1095 

450 1.0207 900 1.1212 

 

Figure A.3: Relationship of specific heat with respect to temperature 

 

It is clearly demonstrated with an R
2
 of 0.9899 that the specific heat capacity varies linearly in the 

desired temperature range. 

The two Matlab scripts yield the following results. 

Table A.5: Results of Matlab Program 

 Tin (K) Tout (K) 

Air Exchanger 546.55 437.84 

Water Exchanger 437.84 370.49 

y = 0.0002x + 0.9296 

R² = 0.9899 

0.98 

1 

1.02 

1.04 

1.06 

1.08 

1.1 

1.12 

1.14 

1.16 

1.18 

0 200 400 600 800 1000 1200 



40 
 

 

Dilution 

By knowing the temperature exiting the heat exchanger we can calculate its enthalpy by using 

equation (21) and (22). The ambient conditions remain the same as previously mentioned and using 

a psychometric chart the following information is obtained: 

hair = 57.5 kJ/kg 

ωair = 0.013 kg/kg 

ρ = 1.1774 kg/m
3 

   =0.21 m
3
/s (determined experimentally) 

     = 0.21 m
3
/s *1.1774 kg/m

3 
= 0.247 kg/s 

       
                                             

                       
             

                                         

                                             

        
                                             

                       
             

The final temperature can now be determined: 

  
                            

                      
          

 

 

 

Sizing of catalytic converter 

The size of the catalytic converter can be determined using Equation 25. 

Using parameter from (Heck et al, 2009), we will determine the cross-sectional area and length of 

the catalysts substrate assuming a 350/5.5 squared-cell configuration (250 cell/in
2
 and wall 

thickness of 5.5”.  
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Geometric properties of 350/5.5 honeycomb substrate: 

Wall porosity = 24% 

Length = 0.14 cm 

Thickness= 0.014cm 

GSA = 26.4 cm
2
/cm

3
 

OFA = 80.5% 

Properties of measured flue gas measured (Page 35): 

Incoming velocity =1.7 m/s 

Inlet pipe area = 0.0059 m
2
 

      
 

 
                   

  

 
 

  
  

     
  

       
  

 

   
 
       

            

The length of the substrate can vary. In this situation, we will assume a length of 12 in (length of 

the converter used). 
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Pictures of Actual Prototype 
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1 Introduction 

Greenhouses are widely used for vegetables, plants, and flowers production 

in Canada. According to Statistics Canada (2012b), total greenhouse area in 2011 

was 23 million m2, which was an increase of 2.1 million m2 compared to the 

greenhouse area in 2007. Total sales of greenhouse vegetables and fruits in 

Canada increased by 27% from 2007 to 2011, which reached $1.1 billion. Ontario 

accounted for the largest share of greenhouse vegetable and fruit production, 

followed by British Columbia and Quebec (2012b). For greenhouse operations, 

heating is the large share of total costs (approximately 30 %) (Ministry of 

Agriculture of British Columbia, 2003). Currently, fossil fuels, such as heating oil 

and natural gas, are the most commonly utilized fuels for commercial 

greenhouses, while some greenhouses using propane or coal. Using these types 

of fuels leads to high heating costs and prominent environmental impacts. Since 

2000, the price of fossil fuels have increased sharply, leading to an increased 

interest in finding alternative fuel sources (Spelter and Toth, 2009). One way of 

controlling costs associated with greenhouse operation is to lower the energy 

input costs. To achieve this, alternative fuel sources could be utilized for 

greenhouse heating. 

One alternative heating source is wood pellets, which are produced from 

wood residues from sawmills and other wood product-manufacturing units. 

Wood pellets are less expensive than the fossil fuels (Lignetics, 2009). This is 

because of the lower cost of its input material. In contrast to directly using 

sawdust and other wood wastes as fuel, wood pellets have the advantage of 

lower moisture content (4-7%) and relatively higher density, which allows for 

easier transportation, storage, and higher combustion efficiency. A relative 

complete combustion of wood pellets would lead to the reduction of harmful 

particulate emissions. Moreover, carbon emissions from combustion of wood 
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pellets combustion are regarded as carbon neutral since regrowth of vegetation 

captures and stores carbon that already exists in the present atmosphere. 

Consequently, wood pellets as a fuel is regarded as having less GHG emissions 

compared to other conventional fuels. 

There are approximately 42 wood pellet plants in Canada as of 2012, of 

which 65% of the pellet production capacity is in British Columbia and 

remaining 35% is in Quebec, Ontario, and the other provinces. The total wood 

pellet production capacity of Canada in 2012 is 3 million tonnes. Currently, 

Canada produces at 65% of its capacity, which met 20% of world demand (Wood 

Pellet Association of Canada, 2012). Compared to Western Canada, Eastern 

Canada’s wood pellet production capacity is smaller in scale and accounts for 

only 10% of Canadian wood pellet production. Quebec is one of the largest 

producers in Eastern Canada. Currently, the use of wood pellets as an energy 

source is mainly for central heating. Electricity generation using wood pellet has 

only started recently. Canada presently exports 70%-75% of its wood pellets to 

other countries, with its major trading partners being the EU, followed by US, 

Japan, and Korea. Domestic wood pellet consumption has remained flat for 

decades. An increase in the domestic consumption of wood pellets could 

decrease the country’s environmental impacts.  

This study assesses using wood pellets as an alternative fuel for commercial 

greenhouse production in Quebec. Several life-cycle analysis studies have been 

conducted for the use of wood pellets in BC, with few studies having been 

undertaken for Eastern Canada. To our knowledge, no comprehensive literature 

on life-cycle analysis of greenhouse heating using wood pellets is available.  

2 Objectives of the study  

This study investigates the potential of using wood pellets as a heating 
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source for greenhouse production of vegetables. A life cycle analysis (LCA) is 

conducted to estimate the total energy requirement and greenhouse gas 

emissions (GHG) from a greenhouse operation using wood pellets. To undertake 

this study, one greenhouse on the Macdonald Campus of McGill University was 

converted for the use of wood pellets as its heating source. Total energy 

consumption, GHG emissions, and costs associated with this greenhouse 

operation are estimated. The results are compared to the results from using 

electricity and natural gas for greenhouse heating. Changes in thermal and 

combustion efficiency were also investigated to see the impact on the total 

energy requirement and GHG emissions. Changes in greenhouse temperature 

were also investigated to see the impact on the absolute energy requirement for 

greenhouse heating. Estimates from five scenarios are compared. 

In this report, section 3 describes the methods applied in the study and is 

followed by the data sources, Section 4 illustrates the results of the study. The 

conclusions of the study are found in section 5. 

3 Methods and Data Processing 

In this section, the methods applied in the study are described. The settings 

for the Macdonald Market greenhouse are illustrated. Moreover, the life cycle 

inventory of wood pellets including production and transportation is elaborated. 

Finally, the baseline and the alternative scenarios to be analysed in the study are 

discussed.  

3.1 Greenhouse Operation 

a) Macdonald Market greenhouse 

Two parallel greenhouses located on the north end of Macdonald campus 

were used to study the impacts of using wood pellets and electricity. The two 

greenhouses were of the same dimensions and covered with double layer 
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polyethylene. The dimensions (length*width*height in meters) for both 

greenhouses were 29.25 x 5.49 x 2.745. An exhaust fan was installed in each 

greenhouse for ventilation. For carbon dioxide (CO2) enrichment, a propane 

burner was installed inside the greenhouse and it was connected to a propane 

tank outside of the greenhouse. Both greenhouses were originally constructed 

with electricity as their heating source. For the purpose of this study, one of the 

greenhouses was modified to use wood pellets as its heating source. A wood 

pellet furnace (SBI Caddy Alterna) was installed in the greenhouse.  

b) Greenhouse operation settings 

As for common greenhouse practice in Quebec, four types of vegetables are 

produced in greenhouses, i.e. tomatoes, peppers, cucumbers, and lettuces. It is 

assumed in this study that only one type of vegetable grows in the greenhouse at 

a time, for one year. The energy requirements and GHGs emissions from the 

greenhouse operation differs by the vegetable grown.  

The optimum greenhouse practice for each type of vegetable was assumed 

to be implemented (Food and Rural Affairs of Ontario, 2010). This includes the 

optimum temperature settings for each plant according to its growing stages, 

controlled CO2 level in the greenhouse, ventilation and lighting schedules 

according to temperature, season, and solar radiation rate. It is assumed that the 

lighting schedule and ventilation settings are identical across these four 

vegetables. Greenhouse temperature and CO2 levels are set separately according 

to the vegetable grown. 

Planting Scheduling and temperature control by plant 

The greenhouse vegetable growing schedule and temperature differs by 

plant type and geographic locations of the greenhouse. In Quebec, the cultivation 

of tomatoes and peppers adopt the long-season crop practice, while cucumbers 

and lettuce follow a multiple planting practice. Planting schedule and 
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temperature setting by plant type was based on the common practice in Quebec, 

and can be found in Table 1. 

Tomatoes are the most common greenhouse vegetable (Statistics Canada, 

2012b). In 2011, sales of tomatoes reached $496 million, which represented a 4% 

increase since 2010. Tomato cultivation is found to be the most profitable, 

amongst all greenhouse vegetable production (Canakci and Akinci, 2006). The 

planting schedule for tomatoes was set according to the common practice in 

Quebec (Table 1). A long-season crop practice is adopted for greenhouse tomato 

production: seeds are germinated in November; the young plants are 

transplanted in January, and tomato harvests occur from mid March till the end 

of October. A break of 2 weeks is required between crops (Food and Rural Affairs 

of Ontario, 2010; Wees, 2008).  

Cultivation of greenhouse peppers follows a similar schedule as tomato in 

Quebec (Wees, 2012). A long-season cropping practice is followed for 

greenhouse pepper production. Seeds are germinated in the beginning of October, 

young plants are transplanted in mid-October, and keep growing till March. The 

harvesting of peppers starts in mid-March. Harvesting lasts until the middle of 

September. There is a two-week break between crops for greenhouse 

maintenance. Optimum temperature for greenhouse peppers can be find in Table 

1 (Food and Rural Affairs of Ontario, 2010; Wees, 2008). 

Compared to tomatoes and peppers, cucumber plants grow rapidly (Food 

and Rural Affairs of Ontario, 2010). Depending on light and growing conditions, 

marketable fruits can be produced in 8-12 weeks following seeding. A three-crop 

production cycle is selected for cucumber production since the three-crop 

production cycle maintains high fruit quality and market share (Food and Rural 

Affairs of Ontario, 2010). The cycle can be described as: 1. A first planting starts 

in December with harvest occurring from early February till May. 2. A second 
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planting follows immediately and is terminated in August. A one-week break is 

required for cleaning up the greenhouse following the second planting. 3. A third 

round planting starts after the cleaning up and is terminated in December (Wees, 

2008). The optimum temperature for greenhouse cucumber cultivation can be 

found in Table 1. 

Greenhouse lettuce grows year-round (Wees, 2012). A new badge is seeded 

every 8-10 weeks depended on the time of the year. Lettuce requires relatively 

cooler temperatures compared to other greenhouse vegetables. Table 1 listed the 

optimum temperatures for lettuce. 

Table 1. Temperature setting by vegetable (degrees Celsius (oC) )  
Vegetable Seeding and 

Germination 
Plant 

Raising 
Transplanting Beginning 

Harvesting 
Full 

Harvesting 

 
Day Night Day Night Day Night Day Night Day Night 

Tomato 
25 25 19-21 19-21 24 24 19 19 20-22 17-29 

Pepper 
25 25 21-23 20-21 24 21 21-24 18-21 21-23 17-18 

Cucumber 
27-28 27-28 24 21 23-25 23-25 23 21 23 17-21 

Lettuce 
16-21 16-21 16-21 16-21 15-18 13-18 15-18 15-18 13-18 13-18 

Source: Wees (2008) and Ministry of Agriculture, Ontario (2010) 

Table 2. Carbon Dioxide level by vegetable 
Vegetable Desired CO2 level (PPM) 

Tomato 1000 

Pepper 1000 

Cucumber 1000-1500 

Lettuce 1200 

Source: Wees (2008) 

Carbon Dioxide enrichment 

The concentration of CO2 in the air inside the greenhouse differs by 

vegetable type (Table 2). However, the length of CO2 enrichment per day depends 
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on the number of hours of sunlight during the day as well as the outside 

temperature. CO2 is added to the greenhouse only during daytime, when the 

plants use the CO2 for photosynthesis. Table 3 lists the number of hours of CO2 

enrichment per day. The number of hours changes by the month of the year. As 

per common greenhouse practice, the CO2 enrichment starts one hour after the 

sunrises and stops one hour before the sunsets. During the summer time, the 

number of hours decreases since the ventilation in summer time dilutes the CO2 

concentration to atmosphere levels.  

Table 3. Hours of CO2 enrichment per day by month 
Month Jan Feb March April May June July August Sep Oct Nov Dec 

Hours/Day 8 8 10 4 4 0 0 0 4 9 7 7 

Source: Wees (2012) 

CO2 enrichment in these greenhouses was obtained through the combustion 

of propane. A small propane burner was installed inside the greenhouse and was 

attached to a propane tank outside the greenhouse. Total propane requirement 

for one year of CO2 enrichment was estimated. To do this, the CO2 requirement 

per hour was calculated according to the following equation (Wees, 2008): 

CO2 add to the greenhouse (E) =CO2 used by crop + CO2 lost by exfiltration  (1) 

Where 

CO2 used by crop = S x Plant usage rate of CO2/(hour*m2)      (2) 

CO2 lost by exfiltration = V x N x 0.000001 x (Desired CO2 level – 350ppm)  (3) 

S is the greenhouse floor area in m2; V is the greenhouse volume in m3, and N is 

the number of air changes per hours, which is set to be 1 for this study. 

The calculated amount of CO2 to be added to the S m2 of greenhouse area (E) 

represents the number of liters of CO2 required for enrichment per hour. The 
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total CO2 enrichment per month can be estimated with: 

Total CO2 requirement per year= E x Ci x Mi         (4) 

Where Ci is the number of hours of CO2 enrichment per day, which can be found 

in Table 3; and Mi represents the number of days per month. Subscript “i” 

denotes the month of the year. Total CO2 enrichment per year was then estimated 

by adding up the CO2 consumption for each month. 

Propane was used as the source for CO2 enrichment. One liter of propane can 

provide 1000 liters of CO2 (Wees, 2008). Assuming complete combustion and 

negligible CO2 leakage from the propane burner, the propane consumption per 

year for CO2 enrichment was calculated. 

Supplemental light 

Sunlight is not always sufficient for plant growth due to changes in the 

weather conditions. It is standard that greenhouses utilize supplemental light to 

support plants use CO2 for photosynthesis. For plants to survive, the minimum 

light intensity is 3W/m2. However, the optimum light intensity is 400-500 W/m2 

for most of the plants. Supplemental light intensity typically ranges from 10- 

40W/m2 (Wees, 2008). In this study, high-pressure sodium (HPS) bulbs are 

utilized for supplemental lighting. Each bulb is 400W of power and the output 

efficiency for these bulbs is 25-26%. In this study, it is assumed that the output 

efficiency of the bulb is 25%. Table 4 lists the supplemental lighting schedule by 

month. In the wintertime, the supplemental lights are turned on for longer 

durations per day, while in the summer time the supplemental lighting time 

decreases. This is because there is sufficient sunlight in the summer. 
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Table 4 Supplemental lighting schedules by month 
Month Jan Feb March April May June July August Sep Oct Nov Dec 

Hours/Day 15 15 15 8 8 0 0 1 8 15 15 15 

Source: Wees (2012) 

Knowing the supplemental light intensity and size of the greenhouse, the 

number of bulbs required for the greenhouse was estimated, i.e. 28 bulbs with 

power of 400 Watts each. The total electricity used per year can be estimated 

using the following information: the bulb power, supplemental lighting schedule 

by month, number of days per month, and number of bulbs in the greenhouse. 

Ventilation  

Ventilation is required for greenhouse operations for cooling, bringing in 

more CO2 from outdoors, and controlling the relative humidity (Wees, 2008). 

Ventilation can occur through opening vents in the roof and sidewalls of 

greenhouse. The advantage of natural ventilation is that the operation costs are 

lower. However, natural ventilation is inadequate in hot weather, especially when 

there is no wind. As a result, mechanical ventilation is required in greenhouses. 

The greenhouse was installed with a single speed belt driven fan for ventilation. 

Its air movement capacity is 535 m3/minute. The motor power is 0.746 kW. The 

energy usage (electricity) for the fan operation is estimated by using daily 

temperature data from Environment Canada and the solar radiation rate. It is 

assumed that the exhaust fan turns on when the outside temperature is above 21 

Degree Celsius, and shuts down below 21 degree. When the temperature lies 

between 0 to 21 degree, the exhaust fan also turns on when the solar radiation 

rate is greater than 146 µmol/(m2 *sec). If the temperature is below 0 degree, the 

exhaust fan turns on when the solar radiation rate is above 440 µmol/(m2 .sec). 

The electricity consumption from the exhaust fan was estimated on a daily basis 

using 2008 daily temperature data from Environment Canada. The solar 

radiation rate was estimated from Environment Canada data. 
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3.2 Wood pellets  

It was estimated that the total thermal energy of biomass produced in 

Canada is 5.1x109 GJ. This is equal to 62% of the thermal energy generated from 

fossil fuels per year (Wood and Layzell, 2003). The use of biomass as an energy 

source provides Canada with an alternative to fossil fuel but also to lower our 

GHG emissions.  

The purpose of this study is to estimate the total energy requirement and 

GHG emissions from using wood pellets as the heating source for a greenhouse. 

Information concerning wood pellets in this study is based on wood pellet 

produced in Quebec. The production site selected for the analysis is in 

Lac-Mégantic, QC, since the Macdonald greenhouses used wood pellets produced 

by Energex. It was assumed that the production factory was located at the 

selected site. Pellet production technologies in Quebec are similar. The whole 

process of wood pellet production and transportation can be illustrated in Figure 

1. Trees are harvested from the forest and transported to sawmills. Wood 

residues from the sawmills, including sawdust and shaving, are transported to 

the pellet plant, where the pellet densification takes place. Wood pellets are then 

packed and sold to consumers. 

A life cycle analysis was undertaken to estimate the energy requirement and 

GHG emission from wood pellets. The life cycle analysis is a cradle to grave 

analysis that assesses the energy requirement and environmental impacts from 

the extraction of the raw material till the end use and deposit of the products 

(Curran, 2006). The main purpose for exploring alternative energy sources, such 

as wood pellets, for greenhouse heating is to reduce the environmental impact 

and operating costs. A LCA can estimate these impacts and the degree of 

sustainability of wood pellets compared to fossil fuels. 
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Figure 1. Production of wood pellets in Quebec 

Source: Energex (2011) 

The system boundary was defined based on ISO 14044 series 

recommendations (International Organization for Standardization, 2006). The 

boundary was set from the harvesting of logs, to the processing in sawmills, 

densification of wood pellets, and finally the combustion of the wood pellets in 

the Macdonald greenhouses. Energy requirements for the manufacturing process 

and transportation associated with the wood pellet production and consumption 

were included and computed for the LCA. Finally, GHG emissions associated with 

the total energy usage were estimated for the environmental impact evaluation. 

a) Wood harvesting 

In both Eastern and Western Canada, wood harvesting is dominated by 

mechanical systems, where 99% of the harvesting activity is conducted by 

mechanical methods. In this study, energy and GHG emissions from wood 

harvesting in Quebec was estimated using the average value for Eastern Canada 

(Natural Resources Canada, 2009). The compositions of tree species in Eastern 

Canada are as follow: spruce 54%, pine 21%, fir 14%, and other type of trees 

11%. The average wood density of forests was estimated by the tree composition 
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to be 383 kg/m3. An average distance from the forest to the sawmills was 

estimated to be 111 km for this study. The energy requirements to harvest 1 m3 

of logs in Eastern Canada was estimated by Natural Resources Canada and is 

given in Table 5 (Natural Resources Canada, 2009). To harvest and haul 1 m3 of 

logs from the forest to the sawmill in terms of energy unit was 294 MJ. This 

includes 146.87 MJ from diesel fuel for harvesting, 0.15 MJ of electricity, and 

147.12 MJ of diesel fuel for hauling. Total CO2eq emitted from the wood 

harvesting is 21 kg CO2eq per m3. 

Table 5. Energy use for wood harvesting in Eastern Canada 
Fuel type Unit Energy use 

Diesel fuel (harvesting) L 3.2900 

Electricity kWh 0.0296 

Diesel fuel (hauling) L 3.3000 

Source: Natural Resources Canada (2009) 

b) Sawmill operation 

Wood pellets in Canada are mostly made from waste materials. A major 

source of this waste material is sawdust from sawmills. For a sawmill, the energy 

used for lumber production was estimated and listed in Table 6. 

Table 6. Energy use for 1 m3 of lumber processing in sawmill for Canada 
Fuel Type Physical unit Energy unit (MJ) 

Electricity 70.83 kWh 358.73 

Liquid propane gas 0.19 L 5.71 

Diesel 2.57 L 114.82 

Natural gas 6.09 L 257.24 

Gasoline 0.06 L 2.51 

Source: Natural Resources Canada (2009), L: liters. 

During the sawmilling operation, 6% of wood is converted into sawdust. It is 



 

 15 

assumed that 6% of the total energy used for wood harvesting and the sawmill 

operation is used to produce sawdust. This assumption is consistent with EPA 

guidelines (Curran, 2006) that energy usage and emissions for a co-product can 

be allocated by weight. A few pellet companies were consulted to estimate the 

transportation distance from the sawmill to the pellet plant. From this 

information, it was estimated that the average distance from the sawmills to the 

pellet plant was 100 km. 

c) Pellet plant operation 

In the pellet plant, sawdust is dried and pelletized. It was estimated that, on 

average, 7.5 tonnes of sawdust would be used to produce 5 tonnes of wood 

pellets. The ratio between raw material and final product is 1.5. Natural gas or 

sawdust is widely used for sawdust drying in Canada. If using sawdust, 10% of 

the sawdust would be used as fuel to dry the rest of sawdust. Mani (2005) 

estimated the energy consumption for pellet densification by using either 

sawdust or natural gas. In this study sawdust was used for pellet densification 

since all interviewed factories used sawdust as the energy source for pellet 

densification. Mani’s estimation for the energy requirement to produce wood 

pellets was used for this study (Table 7). The final product is placed in 40-pound 

sacks, whereas 80% of Canadian pellets are shipped in bulk. It was assumed that 

the transportation distance from the pellet plant to the end user (in this case, 

Macdonald campus) was 200 km. 

Table 7. Energy use for pellet plant to produce 1 ton of wood pellet 
 Electricity Wet sawdust 

for drying 
Diesel 
Energy 

Transportation from 
plant to consumer 

Energy 
unit (MJ) 

404 3168 206 318 

Source: Results from the study and Mani (2005). 

The total energy requirement to produce 1 ton of wood pellets and delivered 
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to the Macdonald campus was estimated based on the above information. Table 8 

provides the estimated amount of total energy used by fuel type. 

Table 8. Total energy use to produce 1 ton of wood pellets from log harvesting to 
their delivery to Macdonald campus. 

 Diesel Propane Electricity Natural 

gas 

Sawdust 

Energy unit 
(MJ) 

5309 8.56 6414.07 0.41 3608.86 

Source: Results from the study 

3.3 Electricity 

Electricity is not commonly used for greenhouse heating due to its high 

costs. However, the greenhouses on the Macdonald campus were heated by 

electricity provided by Hydro-Quebec. Electricity for heating is considered to be 

clean. Its environmental impact depends upon how the electricity is generated 

and what is the combination of fuel sources used for electricity generation. For 

example, run-of-river power plants are considered to have one of the lowest 

environmental impacts, especially for greenhouse gas emissions. Reservoirs have 

higher greenhouse gas emissions, when compared to run-of-river power plants. 

Electricity generated from coal has the highest environmental impact.  

In Quebec, over 90% of the electricity is from hydropower. Therefore, the 

environmental impact from electricity used for greenhouse heating for the 

Macdonald Campus greenhouse is expected to be low. In this study, it was 

assumed that the industrial rate, called “M rate”1

                                                        

1 Rate M：Rate for medium power. 
See

, offered by Hydro-Quebec was 

used to estimate the costs. Despite the relatively low cost of electricity in Quebec, 

it is still not the lowest cost heating source. Using electricity for commercial 

http://www.hydroquebec.com/residential/tarif-affaires.html for detail. 

http://www.hydroquebec.com/residential/tarif-affaires.html�
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greenhouse heating may not be a feasible option despite the low environmental 

impacts. However, in this study, the comparison was between wood pellets and 

electricity as the heating sources. This was done for two reasons. First, to 

compare the proposed fuel, wood pellets, with the energy source that is actually 

used, i.e. electricity. Second, to compare the costs and greenhouse emissions from 

wood pellets to a clean resource, e.g. electricity. This was done to estimate the 

increase in GHG emissions that would occur if the greenhouse changed its 

heating source from electricity to wood pellets. GHG emissions from electricity in 

Quebec were weighted by the composition of power generation sources 

(Hydro-Quebec, 2010). Emission factors for different power plant were from 

Tremblay et al. (2004). It was estimated that the emission factor from electricity 

generation in Quebec was 36.993 g CO2eq/kwh. 

Table 9. Emission Factor by power plant type 
 Reservoir  Run-of-river Nuclear Natural gas 

g CO2eq/kwh 15 4 8 650 

Source: Tremblay et al. (2004) 

3.4 Natural Gas 

Electricity is used for greenhouse heating on the Macdonald campus and as 

a result has a lower environmental impact. It is not commonly used for 

commercial greenhouses due to its higher costs. The common fuel used in 

commercial greenhouses in Quebec is natural gas. To better understand the 

commercial situation, a comparison was made between the energy consumption 

and GHG emissions from natural gas and wood pellets. The system boundary for 

natural gas was set from the extraction of natural gas to the combustion of 

natural gas in the Macdonald campus greenhouse. It was expected that the total 

GHG emissions from wood pellets would be lower than those of natural gas for 

the same greenhouse operation. Life cycle emission factors for natural gas were 

estimated by the EPA (Fulton et al., 2011) with a value of 72.3 kg CO2eq/MMBtu. 
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3.5 Baseline and Scenarios 

It was assumed that only one type of vegetable was grown in the greenhouse 

at any one time. Four types of greenhouse vegetables (tomato, pepper, cucumber, 

and lettuce) were included in this study for all scenarios. The operating period 

for the greenhouse was assumed to be 1 year. It was also assumed that the 

greenhouse operates at the optimal conditions for each plant species. 

3.5.1 Baseline 

This study used wood pellet for greenhouse heating as the baseline. 

Parameters associated with the greenhouse operation were as following: 

A. Greenhouse heating source: wood pellet produced in Quebec 

B. Furnace combustion efficiency: 92.5% (Average value for Caddy Alterna) 

C. Thermal efficiency of wood pellets: 81.2% (from Caddy Alterna) 

D. CO2 enrichment: Propane 

E. Ventilation: Fans powered by electricity 

F. Lighting: 400W bulbs powered by electricity  

G. Temperature (oC) : 

 
Germination Plant 

raising 
Transplanting Beginning 

harvesting 
Full 

harvesting 

 
Day Night Day Night Day Night Day Night Day Night 

Tomato 25 25 20 20 24 24 19 19 21 18 

Pepper 25 25 22 20 24 21 22 19 22 17 

Cucumber 27 27 24 21 24 24 23 21 23 17 

Lettuce 18 18 18 18 16 13 16 13 16 13 

Source: Wees (2008) and Food and Rural Affairs of Ontario (2010) 

3.5.2 Scenarios 

Scenario 1 
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In scenario 1, the energy source for heating the greenhouse was electricity 

and all other parameters remained the same as in the baseline. This scenario 

represents the current energy source that is used in the Macdonald greenhouse. 

It was assumed that there is a 100% energy convergence from electricity to 

heating.  

A comparison was made between using wood pellets as the energy source 

with electricity. The Macdonald greenhouse uses electricity for heating during its 

routine operation. It is important to estimate the cost difference between these 

two heating sources, thus some conclusion can be drawn on the economic 

feasibility of using wood pellets for greenhouse heating. Moreover, the balance 

between environmental concerns and economic interest is always an issue for 

industrial activities. A comparison of the GHG emissions from electricity and 

wood pellets would give some insight into the environmental impact of these two 

energy sources.  

Scenario 2 

Natural gas was assumed to be the heating source for the greenhouse in 

scenario 2, leaving the other variables unchanged from the baseline. Natural gas 

is commonly used as the fuel source for greenhouse heating in Quebec and 

British Columbia. However, natural gas price has fluctuated widely over the last 

ten years2 Statistics Canada, 2012a ( ). As a result, this exposes the greenhouse 

industry to risk in terms of costs. In addition, increasing concerns for GHG 

emissions from fossil fuel use also motivates greenhouse operators to find 

alternative energy sources. In this scenario the heating costs and GHG emissions 

                                                        

2 The price of natural gas reached its highest in Canada in 2005, at 32 cents per 
m3, while in 2012, the price is its lowest in 14 years, at 14.41 cents per m3. 
Natural gas prices can be found at: 
http://www.statcan.gc.ca/pub/57-601-x/57-601-x2012001-eng.pdf 
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for natural gas are estimated and compared to wood pellets. It was assumed that 

the combustion efficiency for natural gas is 92.5% (Chau et al., 2009). 

Scenario 3 

Combustion efficiency determines the air emissions from wood pellet 

combustion. Higher combustion efficiency leads to lower wood pellet 

consumption for the same energy requirement.  The opposite should occur 

when there is a lower combustion efficiency. The pellet furnace used in this 

research was a Caddy Alterna from SBI-international. Combustion efficiency for 

this furnace was tested to be between 90% and 95% according to Mr. Claude 

Paré from SBI-international (Paré, 2012). In this scenario, a sensitivity analysis 

was undertaken on combustion efficiency by varying the efficiency from 90% 

and 95%. The change in total wood pellet consumption and GHG emissions was 

estimated for this scenario. 

Scenario 4 

Thermal efficiency estimates the rate of energy content in the wood pellets 

converted to heating energy. Moisture content in the wood pellets affects the 

thermal efficiency. The premium wood pellet used in the Macdonald greenhouse 

has a low moisture content of 4%. According to experiments at SBI-international 

and the Department of Bioresource Engineering, McGill University, thermal 

efficiency of the wood pellets used in the Macdonald greenhouse was 81.2%. 

However, the thermal efficiency of wood pellets varies greatly with the quality of 

the wood pellets, moisture content, as well as the furnace quality. Thermal 

efficiency for pellets can range from 65% to 85%.  

Scenario 4 takes into account possible changes in the thermal efficiency of 

the wood pellets. In this scenario thermal efficiency was changed by 5% over the 

range of 65% to 85%. It was expected that the higher the thermal efficiency, the 

less wood pellets would be needed. 
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Scenario 5 

Temperature settings inside the greenhouse directly affect the energy 

requirement to heat the greenhouse (Food and Rural Affairs of Ontario, 2010). 

From previous sections, the optimum greenhouse temperature by vegetable was 

given. The baseline takes the average temperature for all stages. In this scenario, 

it was assumed that the temperature was set at the lower bound and the upper 

bound respectively as identified in Table 1. When the inside temperature is set to 

be the lower bound rather than the average, the energy requirement would 

decrease, thus total costs for greenhouse heating would decrease. The opposite 

occurs when the upper bound temperature is used. 

4 Results and Discussion 

Total energy requirements and GHG emissions for greenhouse heating were 

estimated using a life cycle analysis for the various scenarios. Operating costs 

associated with the greenhouse were also estimated. Labour costs were excluded 

from this study because the Macdonald greenhouse was managed by professors 

and students. No specific costs were assigned to labour in this case. 

4.1 Baseline 

In this scenario wood pellets were assumed to be the heating source in the 

greenhouse. The life cycle analysis estimated the total energy required, GHG 

emissions and the operating costs of using wood pellets.  

4.1.1 Energy and GHG emissions for greenhouse operating and wood 

pellets production 

In the baseline, four vegetables were included in the analysis of greenhouse 

production in the Macdonald greenhouse. Planting schedule and optimum 

temperature differed by plant. Consequently, the energy required for the 
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greenhouse differs across the four vegetables. The results indicate that 

cucumbers and peppers required more energy for heating than tomatoes and 

lettuces. 

SBI estimated that the average combustion and thermal efficiency of the 

furnace was 92.5% and 81.2% respectively. The lighting and ventilation in the 

greenhouse utilized electricity. Their schedules were assumed to be the same 

across the four vegetables. Therefore, the energy required for lighting and 

ventilation was the same, which were 39,219.06 and 570.32 kWh per year 

respectively, across the four vegetables. Wood pellet consumption for heating 

and electricity to operate the furnace differed by the four vegetables and the 

results are discussed below. 

The energy content of wood pellets for heating the Macdonald greenhouse 

was 740,836.83MJ for tomatoes production (Table 10). The wood pellet cost for 

tomato production in the Macdonald greenhouse was $6,858.28 (Table 15). GHG 

emissions from the combustion of wood pellets were 5,145.11 kg of CO2eq per 

year. Energy and GHG emissions associated with the production and 

transportation of this amount of wood pellets were estimated to be 409,624.36 

MJ and 13,946.62 kg CO2eq, respectively. Apart from the wood pellets, energy and 

GHG emissions from other operation activities in the greenhouse were also 

estimated. Electricity use for lighting, ventilation, and the furnace was 45,781.22 

kWh. Electricity from Hydro-Quebec is sourced from a combination of hydro, 

nuclear, and natural gas powered facilities. Electricity use was assumed to have 

zero emission. However, the generation process of electricity would result in GHG 

emissions. In this study, the GHG emission from 45,781.22 kWh of electricity was 

estimated to be 1,693.58 kg CO2eq.  

Energy content of 771,694.48 MJ of wood pellets was required for 

greenhouse heating for pepper cultivation (Table 11). To produce the required 
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wood pellets, 426,686.21 MJ of energy was required from tree harvesting to 

delivery to the Macdonald campus. The GHG emissions in terms of CO2eq from 

pellets combustion and pellet processing were 5,359.42kg and 14,527.53kg 

respectively. GHG emissions from wood pellet processing were 2.7 times that of 

pellet combustion. Electricity consumed to support the furnace was 5,361.88 

kWh. The total GHG emissions from electricity were estimated to be 1,670.28kg 

CO2eq. 

Total energy and GHG emissions from wood pellets combustion, processing, 

and greenhouse operation for cucumber production were estimated and can be 

found in Table 12. Wood pellets with an energy value of 814,809.72MJ were 

required for greenhouse cucumber production. Cucumber production in the 

greenhouse requires the most heating energy from wood pellets. This is because 

the optimum greenhouse temperature for cucumbers is relatively higher than the 

other three vegetables. GHG emissions, as CO2eq, from wood pellet combustion 

were 5,658.85kg, while the emissions associated with wood pellet processing 

and transportation was 15,339.18kg. GHG emissions for cucumber production 

were the highest among four vegetables. 

Energy content of 547,912.75 MJ of wood pellets was needed for 

greenhouse heating if growing lettuces (Table 13). Wood pellet consumption for 

greenhouse lettuce production was the lowest among the four vegetables. This is 

because the temperature requirement for lettuce cultivation is lower than the 

other greenhouse vegetables. Total energy and GHG emissions for greenhouse 

lettuce were 978,297.73MJ and 15,736.24kg CO2eq respectively. A breakdown of 

energy consumption and GHG emissions for greenhouse lettuce can be found in 

Table 13. 
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Table 10. Energy requirement and GHG emissions using wood pellets for tomato greenhouse heating 
  Energy 

(kWh) 

Energy 

(MJ) 

CO2 

(kg) 

CH4 

(kg) 

N2O 

(kg) 

CO2 equivalent 

(kg) 

Greenhouse 
operation 

       

 Heating (Wood pellets) 205,804.47 740,836.83    5,145.11 

 Lighting 39,219.06 141,177.34    1,450.83 

 Ventilation 570.32 2,052.98    21.10 

 Electricity (Furnace) 5,991.84 21,568.90    221.66 
Wood pellets 
production3

 
 

      

 Diesel 9,108.59 32,788.29 2,257.37 0.11 0.34 2,364.85 

 Propane 79.76 287.10 16.98 0 0.001 17.3629 

 Electricity 59,743.50 215,059.40    2,210.09 

 Natural Gas 3.79 13.66 0.68 0 0 0.69 

 Gasoline 34.19 123.09 8.13 0 0 8.39 

 Sawdust 33,614.59 121,002.84 6,386.26 0.34 0.13 6,434.99 
Wood pellets 

transportation 
       

 Diesel 11,209.23 40,349.99 2,777.98 0.14 0.42 2,910.24 
Total  365,379.34 1,315,260.40    20,785.32 

                                                        

3 Wood pellet production includes tree harvest to wood pellet manufacturing. 
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Table 11. Energy requirement and GHG emissions using wood pellets for pepper greenhouse heating 
  Energy 

(kW h) 

Energy 

(MJ) 

CO2 

(kg) 

CH4 

(kg) 

N2O 

(kg) 

CO2 equivalent 

(kg) 

Greenhouse 
operation 

       

 Heating (Wood pellets) 214,376.73 771,694.48    5,359.42 

 Lighting 39,219.06 141,177.34    1,450.83 

 Ventilation 570.32 2,052.98    21.10 

 Electricity by Furnace 5,361.88 19,301.21    198.35 
Wood pellets 

production 
       

 Diesel 9,487.98 34,154.01 2,351.40 0.12 0.35 2,463.36 

 Propane 83.08 299.06 17.69 0.00 0.00 18.09 

 Electricity 62,231.96 224,017.15    2,302.15 

 Natural Gas 3.95 14.23 0.71 0.00 0.00 0.71 

 Gasoline 35.62 128.21 8.47 0.00 0.00 8.74 

 Sawdust 35,014.72 126,042.90 6,652.26 0.35 0.14 6,703.03 
Wood pellets 

Transportation 
       

 Diesel 11,676.12 42,030.66 2,893.68 0.14 0.43 3,031.46 
Total  378,061.41 1,360,912.21    21,557.23 

Source: Results from the study 
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Table 12. Energy requirement and GHG emissions using wood pellets for Cucumber greenhouse heating 
  Energy 

 (Kw h) 

Energy 

 (MJ) 

CO2 

(kg) 

CH4 

(kg) 

N2O 

(kg) 

CO2 equivalent  

(kg) 

Greenhouse 
operation 

       

 Heating (Wood pellets) 226,354.14 814,809.72    5,658.85 

 Lighting 39,219.06 141,177.34    1,450.83 

 Ventilation 570.32 2,052.98    21.10 

 Electricity by Furnace 5,300.32 19,079.61    196.07 
Wood pellets 

production 
       

 Diesel 10,018.06 36,062.22 689.71 0.03 0.10 2,600.99 

 Propane 87.72 315.77 5.19 0.00 0.00 19.10 

 Electricity 65,708.92 236,533.18    2,430.77 

 Natural Gas 4.17 15.02 0.21 0.00 0.00 0.75 

 Gasoline 37.61 135.38 2.48 0.00 0.00 9.23 

 Sawdust 36,971.02 133,085.03 1,951.25 0.35 0.14 7,077.54 
Wood pellets 

transportation 
       

 Diesel 12,328.47 44,378.95 848.78 0.14 0.43 3,200.83 
Total  396,599.83 1,427,645.19    22,666.05 

Source: Results from the study 
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Table 13. Energy requirement and GHG emissions using wood pellets for Lettuce greenhouse heating 
  Energy 

 (Kw h) 

Energy 

 (MJ) 

CO2 

(kg) 

CH4 

(kg) 

N2O 

(kg) 

CO2 equivalent 

 (kg) 

Greenhouse 
operation 

       

 Heating (Wood pellets) 152,210.16 547,912.75    3,805.25 

 Lighting 39,219.06 141,177.34    1,450.83 

 Ventilation 570.32 2,052.98    21.10 

 Electricity by Furnace 3,901.54 14,044.41    144.33 
Wood pellets 

production 
       

 Diesel 6,736.59 24,249.77 1,669.52 0.08 0.25 1,749.01 

 Propane 58.99 212.33 12.56 0.00 0.00 12.84 

 Electricity 44,185.47 159,054.98    1,634.55 

 Natural Gas 2.81 10.10 0.50 0.00 0.00 0.51 

 Gasoline 25.29 91.03 6.01 0.00 0.00 6.20 

 Sawdust 24,860.89 89,492.04 4,723.19 0.25 0.10 4,759.24 
Wood Pellets 

Transportation 
       

 Diesel 54.87 29,842.30 2,054.55 0.10 0.31 2,152.37 
Total  271,771.11 978,297.73    15,736.24 

Source: Results from the study 
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4.1.2 CO2 enrichment 

The Macdonald greenhouse uses propane as its source of CO2 enrichment. 

The total CO2 requirement per year by vegetable type was estimated and the 

propane consumption is given in Table 14. The CO2 requirement for each plant 

does not differ by much, from 297,815 to 297,975 liters. Lettuce requires the 

most CO2 on a yearly basis reflecting its relatively higher requirement for CO2 

concentration for photosynthesis.   

Dion (2011) proposed that CO2 could be potentially sourced from exhaust 

gas from combusting biomass, such as wood pellets. He pointed out that CO2 

from wood pellets combustion was twice as efficient as from natural gas. 

However, the main challenge with using exhaust gas was to control the exhaust 

gas concentration inside the greenhouse and to separate the CO2 from other 

exhaust gases in order for it to be used for CO2 enrichment. If these technical 

barriers can be overcome, a second fuel would not be required specifically for 

CO2 enrichment. In addition, the CO2 emissions from wood pellet combustion 

would be utilized by the plants and not emitted to the atmosphere. 

Table 14. Total CO2 requirement for CO2 enrichment by vegetable 
 CO2 requirement 

(liter) 
Propane 

(liter) 

Tomato 297,815.34 297.82 

Pepper 297,815.34 297.82 

Lettuce 297,975.55 297.98 

Cucumber 297,943.51 297.82 

Source: Results from the study 

4.1.3 Greenhouse operating costs 

The operating cost for greenhouse by plant type differed mostly in terms of 

its fuel costs. As can be seen in Table 15, heating costs for growing cucumbers is 

the largest amongst the four. As plants follow different planting schedules and 
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temperatures, the difference in operating costs was mainly due to the difference 

in energy consumption for greenhouse heating (Table 1). Pellet furnace and 

propane burner maintenance costs were assumed to be constant, with values of 

$75 and $150 respectively. Propane was used for CO2 enrichment and the cost for 

propane did not differ much by plant type, at approximately $330. This includes 

the propane fuel cost of 67 cents per liter and $125 delivery charge. Costs for a 

greenhouse operation is dominated by the heating costs. Heating costs for 

cucumber and pepper cultivation were the highest among the four.  

Table 15. Greenhouse operation costs by vegetable type (CAD) 
 Tomato Pepper Cucumber Lettuce 

Wood pellets 6,858.28 7,143.94 7,362.62 5,072.29 

Furnace 
maintenance 

75 75 75 75 

Propane 330.50 330.50 330.60 330.50 

Propane 
burner 

maintenance 

150 150 150 150 

Electricity 2,018.95 1,991.17 1,988.46 1,926.77 

Total 9,432.72 9,690.61 10,087.14 7,554.55 

Source: Results from the study 

4.2 Scenarios 

The Macdonald greenhouse was heated by electricity from Hydro-Quebec. 

This scenario estimates the energy requirements and total GHG emissions 

associate with using electricity as the heating source for this greenhouse 

operation. Tables 16-19 provide the results by vegetable type. In this scenario, it 

assumed 100% thermal efficiency for electrical heating and all other variables 

remained the same as the baseline. The energy requirement for the greenhouse 

operation was lower with electricity than wood pellets, which were 

194,369.12kWh, 200,807.74kWh, 209,583.91kWh, and 154,114.43kWh for 

Scenario 1: Electricity as the greenhouse heating source 
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tomatoes, peppers, cucumbers, and lettuces production respectively. Differences 

in the energy requirement by vegetable resulted from differences in the 

temperature requirement for each vegetable. Since over 90% of the electricity 

supplied by Hydro-Quebec was generated from hydropower, the GHG emissions 

associated with electricity heating were expected to be low. On sight use of 

electricity was assumed to have zero emissions.  When using electricity as the 

heating source, GHG emissions from the greenhouse operations were much 

lower than using wood pellets for each vegetable. The total emissions from 

electricity used for greenhouse tomatoes, peppers, cucumbers, and lettuce 

production were estimated to be 7,190.30kg, 7,428.48kg, 7,753.14kg, and 

5,701.16kg CO2eq respectively. The major GHG emissions from wood pellets 

come from the processing of wood pellets and their transportation in the 

baseline scenario. Similar to the baseline results, greenhouse cucumber 

production generates the most GHG emissions among the four vegetables. 

Table. 16 Energy and GHG emissions for tomato greenhouse using electricity 
 Energy  

(kW h) 
Energy 
 (MJ) 

CO2eq  
(kg) 

Heating (electricity) 154,579.74 556,442.54 5,718.37 

Other energy 39,789.38 143,230.31 1,471.83 

Total 194,369.12 699,672.85 7,190.30 

Source: Results from the study 

Table. 17 Energy and GHG emissions for pepper greenhouse using electricity 
 Energy 

 (kW h) 
Energy  

(MJ) 
CO2eq  

(kg) 

Heating(electricity) 161,018.36 579,619.72 5,956.55 

Other energy 39,789.38 143,230.31 1,471.93 

Total 200,807.74 722,850.04 7,428.48 

Source: Results from the study 
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Table. 18 Energy and GHG emissions for cucumber greenhouse using electricity 
 Energy 

 (kW h) 
Energy  

(MJ) 
CO2eq 

(kg) 

Heating (electricity) 169,794.55 611,211.43 6,281.21 

Other energy 39,789.38 143,230.31 1,471.83 

Total 209,583.93 754,441.74 7,753.14 

Source: Results from the study 

Table. 19 Energy and GHG emissions for lettuce greenhouse using electricity 
 Energy 

(kW h) 
Energy 

(MJ) 
CO2eq 

(kg) 

Heating (electricity) 114,325.05 411,537.27 4,229.23 

Other energy 39.789.38 143,230.31 1,471.83 

Total 154,114.43 554,767.58 5,701.16 

Source: Results from the study 

In this scenario it was assumed that the cost of electricity for the greenhouse 

operation was set at the “M” rate, which varied between 4.1 and 4.5 cents per 

kWh. As can be seen from Table 20, the difference in heating cost is a major 

factor in determining greenhouse operating costs. Growing greenhouse 

cucumber requires more electricity and thus costs more than other vegetables. 

Lettuce production had the lowest cost among the four vegetables. Due to the 

low emissions associated with electricity, using electricity for the Macdonald 

greenhouse would be the most cost and environmental efficient. However, the 

electricity rate for Quebec is much lower than other provinces.  

Table 20. Costs associates with greenhouse operation using electricity (CAD) 
 Tomato Pepper Cucumber Lettuce 

Electricity 
(heating) 

6,816.97 7,100.91 7,487.94 5,041.73 

Propane 330.50 330.50 330.60 330.60 
Propane 
burner 

maintenance 

150 150 150 150 

Other 
electricity 

1,754.71 1,754.71 1,754.71 1,754.71 

Total 9,052.18 9.336.12 9,723.25 7,277.04 
Source: Results from the study 
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Natural gas is a commonly used heating source for greenhouse production in 

Quebec and British Columbia. Scenario 2 investigated the energy requirement for 

greenhouse production using natural gas as its heating source. The other 

variables remained the same as in the baseline. The energy requirements for the 

greenhouse operation by vegetable are given in Table 21. Since natural gas can be 

used for CO2 enrichment in a greenhouse, it was assumed in this scenario that 

the exhaust CO2 from natural gas combustion from greenhouse heating was used 

for CO2 enrichment. Therefore, propane and the costs associated with it were 

removed from the estimation. Instead, operation costs associated with natural 

gas were estimated. GHG emissions by vegetable type are shown in Table 21. On 

average, total CO2eq emissions using natural gas were higher than that for wood 

pellets. However, the operation costs associated with natural gas were estimated 

to be lower than wood pellets. Natural gas consumption in terms of energy units 

for tomato, pepper, cucumber, and lettuce cultivation were estimated to be 

601,559.50MJ, 626,615.92MJ, 645,796.35MJ, and 444,905.15MJ respectively. 

Differences in energy requirements were because the temperature setting for 

each vegetable is different. Moreover, GHG emissions and operation costs were 

also dependent on fuel consumption. The highest GHG emissions were from 

cucumber cultivation, at 24,960.11kg of CO2eq, while the highest cost was for 

greenhouse pepper cultivation. 

Scenario 2: Natural gas as the greenhouse heating source 

The costs of greenhouse operations using natural gas are lower than those 

when wood pellets or electricity are used. This result contradicts Chau et al. 

(2009) results. The main reason for the difference in results is the difference in 

prices of heating in BC and QC. The price of wood pellets in BC is $140 per ton in 

2011 (Argus, 2011). This is the FOB price from BC to the EU market, which is 

approximately the market price of wood pellets. The price of wood pellets in QC 

is $186 per ton (Plouffe, 2012). The price difference for wood pellets in BC and 
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QC could be for several reasons. First, economies of scale due to the larger size of 

the BC wood pellet processing sector could result in lower costs for the wood 

pellets. Second, differences in provincial taxes could also affect the price of wood 

pellets. The other reason that may cause the difference in wood pellet price may 

be the quality of wood pellets. In our study premium wood pellets were used for 

greenhouse heating, which have the highest price and are of the best quality. The 

wood pellets considered by Chau et al. (2009) may have been of lower quality 

and therefore costs less. 

Table 21. Greenhouse heating using natural gas by vegetable type 
 Natural gas 

(MJ) 
Electricity 

(kWh) 
Operation 

costs 
(CAD) 

CO2eq 
(kg) 

Tomato 601,559.50 45,781.22 6,867.58 23,390.19 
Pepper 626,615.92 45,151.26 7,084.74 24,268.32 

Cucumber 645,796.35 45,089.70 6,992.99 24,960.11 
Lettuce 444,905.15 43,690.92 5,332.70 17,662.77 

Source: Results from the study 

Lower combustion efficiency would require greater wood pellet 

consumption, while higher combustion efficiency would require lower wood 

pellet consumption. Combustion efficiency was changed in this scenario to 90% 

and 95% and was compared to the baseline value of 92.5%. The total energy 

required, operating costs, and GHG emissions by vegetable production are 

compared in Tables 22-25. 

Scenario 3: Combustion efficiency 

Table 22. Tomato greenhouse operation change by combustion efficiency 
Combustion 

efficiency 
Total energy 

(MJ) 
CO2eq 

(kg) 
Operating 

costs 

At 90% 1,347,217.66 21,315.64 9,623.23 

At 95% 1,284,985.11 20,282.90 9,252.24 

Source: Results from the study 
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Table 23. Pepper greenhouse operation change by combustion efficiency 
Combustion 

efficiency 
Total energy 

(MJ) 
CO2eq 

(kg) 
Operating 

costs 

At 90% 1,394,200.57 22,109.66 9,889.05 

At 95% 1,329,375.88 21,033.89 9,502.24 

      Source: Results from the study 

Table 24. Cucumber greenhouse operation change by combustion efficiency 
Combustion 

efficiency 
Total energy 

(MJ) 
CO2eq 

(kg) 
Operating 

costs 

At 90% 1,461,110.11 23,221.40 10,286.64 

At 95% 1,370,190.59 21,712.60 9,744.63 

Source: Results from the study 

Table 25. Lettuce greenhouse operation change by combustion efficiency 
Combustion 

efficiency 
Total energy 

(MJ) 
CO2eq 

(kg) 
Operating 

costs 

At 90% 1,031,775.17 16,128.46 7,695.45 

At 95% 985,748.83 15,364.66 7,421.07 

Source: Results from the study 

Increasing the combustion efficiency from 90% to 95% resulted in savings 

in total energy for the greenhouse operation and a decrease in wood pellet 

combustion by 4.6%, 4.6%, 6.2%, and 4.4% for tomato, pepper, cucumber, and 

lettuce greenhouse respectively. Increasing combustion efficiency had the 

greatest impact on the most energy intensive greenhouse vegetable production, 

i.e. cucumbers. The change in energy requirement for greenhouse lettuce was the 

lowest. Total GHG emissions decreased with the increase in combustion 

efficiency, a 5% increase in combustion efficiency would led to a 4.8% decrease 

in GHG emissions for tomato, 4.8% for pepper, 6.5% for cucumber, and 4.7% for 

lettuce. The impact on costs from combustion efficiency changes was due to the 

changes in pellet combustion. An increase in combustion efficiency of 5% would 

reduce the costs by 3.6% to 5% for the four greenhouse vegetable operations, 

which was generally smaller than the change in combustion efficiency. The 

results indicated that the higher the combustion efficiency, the lower the fuel 

consumption and GHG emissions. 
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Thermal efficiency is the conversion rate of energy from the fuel to heating 

energy. Similar to combustion efficiency, an increase in thermal efficiency would 

lead to a reduction of fuel consumption and GHG emissions, thus the costs would 

be lower as well. 

Scenario 4: Thermal efficiency 

Tables 26-29 provide the estimates of energy, GHG emissions, and costs 

changes with different levels of thermal efficiency by greenhouse vegetable 

production. As was previously stated, cucumber cultivation required the most 

energy, followed by peppers, tomatoes, and lettuce.  

In the baseline scenario, the thermal efficiency was assumed to be 81.2% as 

referenced from SBI-international. In this scenario, thermal efficiency changed 

from 65% to 85%, at 5% interval.  

For greenhouse tomato production, an increase in thermal efficiency from 

65%-70% reduced wood pellet consumption in terms of energy units by 6.4%, 

GHG emissions by 6.6%, and costs by 5.5%. It was also observed that the 

marginal decrease in energy, GHG emissions and costs diminished with increased 

thermal efficiency. 

For greenhouse pepper production, the energy and GHG emission results 

from an increase in thermal efficiency were similar to greenhouse tomato 

production. A change of 5% in thermal efficiency on average reduced the energy, 

GHG emissions, and costs by 6.4%, 6.6% and 5.5% respectively. Changes of costs 

were not as high as the changes in energy and GHG emissions. 

 

 

 



 

 36 

Table 26. Tomato greenhouse operation by thermal efficiency 
Thermal 

efficiency 
Energy 

(MJ) 
CO2eq 

(kg) 
Greenhouse 

costs 
(CAN) 

65% 1,601,990.73 
 

25,543.56 11142.00 

70% 1,499,334.20 
 

23,840.00 
 

10,530.05 
 

75% 1,410,365.20 
 

22,363.57 9,999.67 

80% 1,332,517.32 21,071.69 9,535.60 
 

85% 1,263,828.02 
 

19,931.80 
 

9,126.12 

Source: Results from the study 

Table 27. Pepper greenhouse operation by thermal efficiency 
Thermal 

efficiency 
Energy 

(MJ) 
CO2eq 

(kg) 
Greenhouse 

costs 
(CAN) 

65% 1,659,585.56 
 

26,513.67 
 

11,471.10 
 

70% 1,552,653.13 
 

24,739.14 
 

10,833.64 
 

75% 1,459,978.35 
 

23,201.22 
 

10,281.67 
 

80% 1,378,887.93 21,855.53 9,797.77 
 

85% 1,307,337.55 20,668.17 
 

9.371.23 
 

   Source: Results from the study 

Greenhouse cucumber production requires the highest energy consumption 

among the four vegetables investigated. The changes in energy requirement by 

an increase in thermal efficiency from 65% to 70% and from 70% to 75% were 

6.4% and 6.0% respectively. Similarly, total GHG emissions corresponding to 

these changes were 6.7% and 6.2% respectively. Changes in cost were 5.6% for 

an increase in thermal efficiency of 65% to 70%, and 5.1% for an increase of 

70%-75%. 
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Table 28. Cucumber greenhouse operation by thermal efficiency 
Thermal 
efficiency 

Energy 
(MJ) 

CO2eq 
(kg) 

Greenhouse 
costs 
(CAN) 

65% 1,751,168.47 
 

28034.87 
 

12,015.77 

70% 1,637,678.58 
 

26,151.53 
 

11,339.22 
 

75% 1,539,320.67 
 

24,519.29 
 

10,752.87 
 

80% 1,453,257.49 23,091.09 10.239.82 
 

85% 1,377,319.40 
 

21,830.90 
 

9.787.13 
 

   Source: Results from the study 

Changes in energy and GHG emissions for greenhouse lettuce production 

follows the same trend as the other vegetables. If thermal efficiency increases 

from 65% to 70%, the energy, GHG emissions, and costs would decrease by 6.2%, 

6.5%, and 5% respectively. With an increase in thermal efficiency, the rates of 

decreases in these variables diminish.  

Table 29. Lettuce greenhouse operation by thermal efficiency 
Thermal 

efficiency 
Energy 

(MJ) 
CO2eq 

(kg) 
Greenhouse 

costs 
(CAN) 

65% 1,220,201.84 
 

19,255.38 
 

8,818.72 
 

70% 1,144,278.48 
 

17,995.44 
 

8,366.12 
 

75% 1,078,478.23 
 

16,903.49 
 

7,973.86 
 

80% 1,020,903.01 15,948.04 7630.64 
 

85% 970,101.34 15,104.99 7,327.79 
 

Source: Results from the study 
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In the baseline scenario, the temperature in the greenhouse for each 

vegetable was set as the average optimum temperature for each growing stage. 

In this scenario the temperature for each growing stage is set at the lower and 

upper bounds for each vegetable. The temperature setting directly affects energy 

consumption in the greenhouse. It was expected that the lower the temperature, 

the lower the energy requirement, thus lower the GHG emissions and operation 

costs.  

Scenario 5: Temperature  

For greenhouse tomato production, if the temperature is at the lower bound, 

the total energy, GHG emissions and costs would be 1,286,051.87MJ, 20,300.61kg 

CO2eq, and $9,258.60 respectively. When the upper bound for temperature is 

selected, wood pellet energy, CO2eq, and costs would increase to 1,369,401.70MJ, 

21,683.78kg CO2eq, and $9,755.48 respectively. Increases were observed when 

temperature was set at the upper bound for all three variables. 

Energy, GHG emissions, and costs for greenhouse pepper, cucumber, and 

lettuce production are listed in Table 30. An increase in the temperature for 

greenhouse pepper production would require an increase of 5.4%, 5.6%, and 4.5% 

in pellet energy, GHG emissions, and costs respectively. Similarly, pellet energy 

consumption, GHG emissions, and costs increased by 6.1%, 6.3%, and 5.2% 

respectively for greenhouse cucumber production. Energy consumption, GHG 

emissions and costs increased by 2.0%, 2.2%, and 1.7% respectively for 

greenhouse lettuce production. When the upper bound for temperature was 

assumed, it should be noted that the temperature requirement for lettuce was 

lower than the other greenhouse vegetables, and therefore the changes in pellet 

energy, GHG emissions and costs were smaller than for greenhouse tomato, 

pepper, and cucumber production. Changes in costs were always smaller than the 

changes of GHG emissions and energy requirements. 
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Table 30. Energy, GHG emission, and costs for greenhouse tomato, pepper, cucumber lettuce production by optimum temperature 
 Tomato Pepper Cucumber Lettuce 
 Low temp. Upper temp. Low temp. Upper temp. Low temp. Upper temp. Low temp. Upper temp. 

Energy 
(MJ) 

1,286,051.87 
 

1,369,401.70 1,330.586.78 1,406,547.6 1,418,898.02 1,511,678.83 951,107.71 1,198,345.92 

CO2eq 
(kg) 

20,300.61 
 

21,683.78 21,053.98 22,314.54 22,520.90 24,060.58 14,789.80 18,892.68 

Greenhouse 
costs 
(CAD) 

9,258.60 
 

9,755.48 
 

9,509.83 9,962.65 10,035.00 10,588.09 7,214.56 8,688.43 

Source: Results from the study 
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The results from the above scenarios indicate that increases in thermal and 

combustion efficiency, and a decrease in greenhouse temperature settings would 

result in a reduction in energy consumption for the greenhouse, thus the life 

cycle GHG emissions and operating costs for the greenhouse would also be lower. 

If all of the most favourable changes are made to these variables, the 

consumption of wood pellets, GHG emissions, and operating costs for the 

greenhouse operation are expected to decrease as compared to the previous 

scenarios.  An “Ideal” scenario was estimated to give some insight into the level 

of reduction of these three variables when the most favourable assumptions 

were made.  Thermal and combustion efficiencies were assumed to be 85% and 

95% respectively for the ideal scenario, and the greenhouse temperature was set 

at the lower bound (Table 31). 

“Ideal” Scenario 

Table 31. Assumptions in Baseline and Ideal Scenario 
 Baseline Ideal Scenario 

Temperature Average temperature 
requirement  

Temperature requirement 
at the lower bound 
(Scenario 5) 

Combustion efficiency 92.5% 95% 
Thermal efficiency 81.2% 85% 

Electricity use for ventilation, furnace, and lighting remained the same as 

the baseline scenario. Consequently, GHG emissions associated with the 

electricity consumed in the greenhouse for the ideal scenario would be the same 

as the baseline scenario. A comparison was made between the Ideal scenario and 

the baseline scenario for wood pellets as a heating source in terms of its energy 

requirements and GHG emissions (Tables 32 and 33). Wood pellets had a total 

energy requirement of 671,597.87MJ, 699,631.27MJ, 752,659.87MJ, and 

475,482.96MJ for greenhouse heating of greenhouse tomato, pepper, cucumber, 

and lettuce productions respectively. The life cycle GHG emissions from wood 
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pellets used for greenhouse heating were 17,307.41kg, 18,029.84kg, 19,396.42kg, 

and 12,253.43 kg of CO2eq respectively for greenhouse tomato, pepper, cucumber, 

and lettuce productions. Greenhouse operating costs were reduced to $8,791.75, 

$9,023.48, $9,511.79, and $6,884.03 for greenhouse tomato, pepper, cucumber, 

and lettuce productions respectively for the Ideal scenario. 

Wood pellets consumption for heating was reduced by 9.3%, 9.3%, 7.6%, 

and 13.2% for greenhouse tomato, pepper, cucumber, and lettuce productions 

respectively. Energy reduction for lettuces is the most, while for cucumbers it is 

relatively smaller. Consequently, GHG emissions and operating costs associated 

with wood pellet combustion and greenhouse operation were reduced by 8-11% 

and 5-9% respectively. Since the temperature setting for the “Ideal” scenario is 

the lower bound of the optimum temperature for greenhouse vegetable 

production, it was expected that the output would not vary much from the 

baseline. An increase of thermal and combustion efficiencies for the furnace and 

wood pellets would decrease the environmental impact of the greenhouse 

operation and also reduce costs. 

Table 32. Energy of wood pellets used for greenhouse heating at the Baseline and 
the Ideal Scenario (Unit: MJ) 

 Tomato Pepper Cucumber Lettuce 
Baseline 740,836.83 771,694.48 814,809.72 547,912.75 

Ideal Scenario 671,597.87 69,9631.27 752,659.87 474,482.96 
Difference 69,238.96 72,063.21 62,149.85 73,429.79 

Source: Results from the study 

Table 33. Life cycle GHG emissions of wood pellets for the greenhouse heating at 
the Baseline and Ideal Scenario (Unit: kg of CO2eq) 

 Tomato Pepper Cucumber Lettuce 
Baseline  19,091.73 19,886.95 20,998.05 14,119.98 
Ideal Scenario 17,307.41 18,029.84 19,396.42 12,253.43 
Difference 1,784.32 1,857.11 1,601.63 1,866.55 
Source: Results from the study 
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Summary 

Comparing the baseline with the other scenarios, the GHG emissions from 

natural gas used for greenhouse heating was higher than wood pellets. However, 

with the current price of natural gas and wood pellets in Quebec, natural gas is a 

lower cost fuel for greenhouse heating than wood pellets. As a result, at least in 

the short term, it is less costly for greenhouse operators in Quebec to use natural 

gas for greenhouse heating. However, depending on natural gas as the heating 

fuel may expose the greenhouse industry to the risk of price fluctuations. Large 

price fluctuations have occurred in the price of natural gas in the last ten years. 

In 2006, the price of natural gas spiked to an average price of 44.86 cents per m3 

as compared to its current price of 25 cents per m3 in Quebec. In comparison, the 

supply of wood pellets is comparatively stable and it is a renewable resources. 

Wood pellets are a reliable heating source that reduces the uncertainty for 

greenhouse operations.  A recent report from FutureMetrics LLC predicted that 

the price of natural gas would surpass the price of wood pellets in the next three 

to eight years due to the increased demand and limited reserves of natural gas 

(Geiver, 2012). Wood pellets would be an ideal alternative as a heating source for 

greenhouse operations. Moreover, the costs of using wood pellets for greenhouse 

heating could decrease with the expansion of the pellet industry, and the 

development of technology for complete combustion of the wood pellets.   

It is important to note that the direct GHG emissions from the combustion of 

wood pellets are considered to be “carbon neutral”. Natural gas has a much 

higher environmental impact than the combustion of wood pellets. Greenhouse 

operators may be asked to provide abatement for the reduction of GHG emissions 

from the combustion of natural gas. In this study, the abatement costs for using 

natural gas was not included in the costs estimation. It is also possible that when 

abatement costs were added to the greenhouse operation, the costs between 

using wood pellets and natural gas for heating would reverse. 
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Electricity was used in the Macdonald greenhouse for heating. Comparing 

electrical heating with heating using wood pellets, it was found that GHG 

emissions were higher when using wood pellets. This is due to the fact that 90% 

of the electricity in Quebec was generated by hydropower. When it was assumed 

that the combustion and thermal efficiency for wood pellets was 92.5% and 81.2% 

respectively, the total operating costs for using wood pellets was slightly higher 

than using electricity. Natural gas remains the lowest in costs at current prices. 

To investigate this issue, it was estimated that to generate 1 kWh of heat for the 

greenhouse, it costs 4.41cents for electricity, and 4. 43cents for wood pellets. 

Increasing the thermal and combustion efficiency for wood pellets combustion 

would reduce the costs of generating 1kWh of heat with wood pellets. For 

example, when the thermal and combustion efficiency were assumed to be 85% 

and 95%, the costs for wood pellets was reduced to 4.12 cents per kWh heat. In 

this study premium wood pellets were used for greenhouse heating. However, for 

commercial greenhouses, lower quality wood pellets could be used at a lower 

price. The heating costs will vary by wood pellet price. 

All scenarios required the same amount of CO2 enhancement. However, for 

scenario 2 (using natural gas for greenhouse heating), it was assumed that CO2 

was from the natural gas rather than propane. This led to changes in costs. There 

is also the possibility that exhaust gases from wood pellet combustion could be 

used for CO2 enrichment. If this were realized, costs and GHG emissions to the 

atmosphere would be further reduced. 

When combustion efficiency was increased for wood pellets, the total energy 

requirement, GHG emissions, and costs all decrease. For greenhouse tomato 

production, the baseline amounts for these three variables were higher than 

when combustion efficiency was 95% by 2.3%, 2.4%, and 1.9% respectively. 

When combustion efficiency decreased to 90% from 92.5%, the energy, GHG 

emissions, and costs increased by the same rate. The impact of thermal efficiency 
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changes from 65% to 85% was also estimated. An increase in thermal efficiency 

would lead to a decrease in energy input, GHG emissions, and operation costs. On 

the other hand, when thermal efficiency dropped from 81.2% as assumed in the 

baseline to 65%, the energy input, GHG emissions, and costs increased by 18%, 

19%, and 15% respectively. When thermal efficiency increased from the baseline 

to 85%, these three variables decreased by 4%, 4%, and 3% respectively. 

Temperature setting has the most direct influence on the heating 

requirements for greenhouse production. When choosing the lower bound 

temperature for the greenhouse, decrease of 2%, 2% and 1.8% of energy, GHG 

emissions, and costs were obtained. When the upper bounds were set for the 

greenhouse temperature, energy input, GHG emissions and costs would increase 

above the baseline by 4%, 4%, and 3%.  

Similar results were found for peppers as for tomatoes. Using wood pellets 

would require more energy inputs and cause more GHG emissions compared to 

using electricity. However, the costs of electricity were higher than that for wood 

pellets when thermal efficiency for wood pellets was 85%. Even though natural 

gas costs less for greenhouse heating, its GHG emissions are much more 

significant than wood pellets. The energy usage, GHG emissions, and total costs 

associated with changes in thermal efficiency and combustion efficiency were 

similar to that of tomatoes. When the upper bound for temperature was selected 

for greenhouse production, energy input, GHG emissions, and cost increased by 

3.2%, 3.4%, and 2.6% respectively from the baseline, while the lower bound 

temperature led to a 2.2%, 2.3%, and 1.8% decrease respectively. 

Growing greenhouse cucumbers required the most energy compared to the 

other vegetables. Similar conclusions were found when comparing wood pellets, 

natural gas, and electricity for greenhouse cucumber production. When 

combustion efficiency was raised (lowered) by 2.5% from the baseline setting, 
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this resulted in a 2.3%, 2.5% and 2% decrease (increase) in energy input, GHG 

emissions, and costs. A change of 3.8% in thermal efficiency from the base 

assumption led to changes of 4.1%, 4.3%, and 3.1% for energy input, GHG 

emissions, and costs in the opposite direction.  

Temperature requirements for greenhouse lettuce production were the 

lowest among the four vegetables. When the combustion and thermal efficiencies 

were higher, total energy, GHG emissions and costs associated with the 

greenhouse operation were lower. This was similar to the previous results for the 

other vegetables. When temperature changes in greenhouse lettuce production 

was set at the upper bound, this resulted in an increase in the energy required, 

GHG emissions, and higher costs. 
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Table 34. Summary for greenhouse tomato production 
 Baseline Scenario 1 Scenario 2 Scenario 3 (Wood pellets) Scenario 4 (Wood pellets) Scenario 5 (Wood pellets) 

 Wood pellets Electricity Natural 

gas 

CE_90 CE_95 TE_65 TE_70 TE_75 TE_85 Low_temp Upper_temp 

Energy 1,315,260.40 699,672.85 601,559.50 1,347,217.66 1,284,985.11 1,601,990.73 1,499,334.

20 

1,410,365.

19 

1263,828.0

2 

1,286,051.8
8 

1,369,401.70 

(MJ) 

CO2eq 20,785.32 7,190.30 23,390.19 21,315.64 20,282.91 25,543.56 23,839.99 22,363.57 19,931.80 20,300.61 21,683.78 

（kg） 

Greenhouse costs 

(CAD) 

9432.72 9,177.17 6,867.58 9,623.23 

 

9,252.24 

 
11,142.022 

 

10,530.05 

 

9,999.67 9,126.12 9,258.60 9,755.48 

CO2 enrichment 

(liter) 

297815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 

Source: Results from the study 
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Table 35. Summary for Pepper greenhouse 
 Baseline Scenario 1 Scenario 3 Scenario 2 (Wood pellets) Scenario 4 (Wood pellets) Scenario 5 (Wood pellets) 

  Electricity Natural 

gas 

CE_90 CE_95 Thermal_65 Thermal_70 Thermal_75 Thermal_85 Low_temp Upper_temp 

Energy 1,360,912.

21 

722,850.04 626,615.92 1,394,200.5

7 

1,329,375.8

8 

1,659,585.5

6 

1,552,653.1

3 

1,459,978.3

5 

1,307,337.5

5 

1,330,586.7

8 

1,406,547.5

7 (MJ) 

CO2eq 21,557.23 7,428.48 24,268.32 22,109.65 21,033.89 26,513.67 24,739.14 23,201.22 20,668.17 21,053.98 22,314.54 

(kg) 

Greenhouse 

costs 

9,690.61 9,461.11 7,084.74 9,889.05 9,502.61 11,471.10 10,833.64 10,281.17 9,371.23 9,509.83 9,962.65 

(CAD) 

CO2 

enrichment 

297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 297,815.34 

(liter) 

Source: Results from the study 
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Table 36. Summary for Cucumber greenhouse 
 Baseline Scenario 1 Scenario 3 Scenario 2 (Wood pellets) Scenario 4 (Wood pellets) Scenario 5 (Wood pellets) 

  Electricity Natural gas CE_90 CE_95 Thermal_65 Thermal_70 Thermal_75 Thermal_85 Low_temp Upper_temp 

Energy 1,427,645.1

9 

754,441.75 660,769.12 1,461,110.1

1 

1,370,190.5

9 

1,751,168.4

7 

1,637,678.5

8 

1,539,320.67 1,377,319.4

0 

1,418,898.0

2 

1,511,678.8

3 (MJ) 

CO2eq 22,666.05 7,753.14 24,960.11 23,221.40 21,712.60 28,034.87 26,151.53 24,519.29 21,830.90 22,520.90 24,060.58 

(kg) 

Greenhouse costs 10,087.14 9,598.25 6,992.99 10,286.64 9,744.63 12,015.77 11,339.22 10,752.87 9,787.13 10,035.00 10,588.09 

(CAD) 

CO2 enrichment 297,975.55 297,975.55 297,975.55 297,975.55 297,975.55 297,975.55 297,815.34 297,815.34 297,975.55 297,975.55 297,975.55 

(liter) 

Source: Results from the study 
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Table 37. Summary for lettuce greenhouse 
 Baseline Scenario 1 Scenario 3 Scenario 2 (Wood pellets) Scenario 4 (Wood pellets) Scenario 5 (Wood pellets) 

  Electricity Natural gas CE_90 CE_95 Thermal_6

5 

Thermal_70 Thermal_75 Thermal_85 Low_temp Upper_temp 

Energy 978,297.73 554,767.58 444,906.15 1,031,775.

17 

985,748.83 1,220,201.

84 

1,144,278.4

8 

1,078,478.2

2 

970,101.34 951,107.70 1,198,345.9

2 (MJ) 

CO2eq 15,736.24 5,701.16 17,662.77 16,128.46 15,364.66 19,255.38 17,995.44 16,903.49 15,104.99 14,789.80 18,892.68 

(kg) 

Greenhouse costs 7,554.55 7,152.05 5,332.70 7,695.45 7,421.07 8,818.72 8,366.12 7,973.86 7,327.79 7,214.56 8,688.43 

(CAD) 

CO2 enrichment 297,943.51 297,943.51 297,943.51 297,943.51 297,943.51 297,943.51 297,943.51 297,943.51 297,943.51 297,943.51 297,943.51 

(liter) 

Source: Results from the study 
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5 Conclusion 

This study investigated the energy consumption, GHG emissions, and 

greenhouse costs for the Macdonald Market greenhouse. Tomato, pepper, 

cucumber, and lettuce are commonly grown vegetables in greenhouse in Quebec. 

It was assumed one vegetable (tomato, pepper, cucumber, lettuce) grew in the 

greenhouse at a time for a year. All weather parameters were assumed for the 

Montreal climate, extracted from Environment Canada. 

Without taking into account thermal and combustion efficiency, it was 

estimated that greenhouse cucumber production required the greatest amount of 

energy for heating. This was because the optimum temperature for cucumber 

growing was higher than the other greenhouse vegetables. Since heating is the 

major source of costs in a greenhouse operation, cucumber greenhouse 

operation costs were the highest. If using the same fuel, the life cycle GHG 

emissions associated with a greenhouse operation were the highest for 

cucumbers relative to the other vegetables.  

Three fuels, i.e. wood pellet, electricity, and natural gas, were compared as 

sources for heating a greenhouse. To investigate the total GHG emissions for the 

greenhouse operation by fuel type across vegetables, a life cycle analysis was 

undertaken. The system boundary for these three fuels were all set at the 

extraction of the raw material to the end use of the fuel, e.g. for wood pellets thus 

was from the harvesting of the logs to the combustion of the wood pellets at 

Macdonald Market greenhouse. 

The general trend from the estimation is that using wood pellets for heating 

a greenhouse would cost less than electricity with an increase in thermal and 

combustion efficiency. The life cycle GHG emissions from wood pellets are higher 

than using electricity in Quebec. Electricity costs are much lower in Quebec than 
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the other provinces, the costs difference between wood pellets and electricity 

would be larger for the rest of Canada. Electricity generated from Hydro-Quebec 

is “clean”, since 90% of the electricity is from hydropower. With a different 

combination of electrical power generations, GHG emissions would increase. 

However, it was assumed that there was no emission from the direct use of 

electricity. For a commercial greenhouse, it would be more costly to use 

electricity for heating in any other provinces. For Quebec, with an increase in the 

thermal and combustion efficiencies of the wood pellet furnace, the costs of using 

wood pellets for heating would reduce to below that of electricity.  

The results indicate that using natural gas for greenhouse heating costs less 

than using wood pellets. However, the life cycle GHG emissions from natural gas 

were higher than for wood pellets. It is important to take into account that in this 

study, abatement costs was not included. Since natural gas generates more GHG 

emissions, abatement costs would be higher. An investigation of abatement costs 

for natural gas heated greenhouses would provide a better comparison between 

the fuel sources. It could be possible that if abatement costs were included in the 

analysis, then the cost difference would be reverse. In Quebec, the price of 

natural gas was in the lowest in five years, while in Canada, the average price of 

natural gas at 2012 is the lowest in 14 years. The price of natural gas fluctuated 

greatly in the past decade, at the highest of 44.86 cents per m3 in 2006 for 

Quebec and 31.99 cents per m3 in 2007 for Canada. The price of natural gas in 

2012 dropped to 25 cents per m3 for Quebec and 12.85 cents per m3 for Canada 

(Statistics Canada, 2012a). The heating costs using natural gas would surpass the 

wood pellets when the price of natural gas exceeding 38.75 cents per m3. This 

trend is expected in the next decade. Moreover, for a long term, with the 

increased concerns in environmental issues such as Global Warming, wood 

pellets whose GHG emissions combustion were considered as carbon neutral, 

would be beneficial as for GHG emission reduction in the long run.  
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Scenarios that increased the thermal and combustion efficiencies of the 

wood pellet furnace would lower the energy requirement, total GHG emissions 

and costs. This however, is dependent on the technology developments of the 

wood pellets furnace design.  

The temperature requirements during the growing stage of greenhouse 

vegetable will have an impact on the energy requirements, GHG emissions, and 

cost. A lower temperature inside the greenhouse required less energy, thus the 

total GHG emissions and costs are also less.  

Further studies can be conducted on a commercial greenhouse. Currently in 

Quebec, the majority of greenhouses are heated by natural gas. Undertaking this 

analysis on a commercial operation would give more insights into the advantages 

and disadvantages of using wood pellets for heating. In addition, the cost of 

conversion from the existing heating system to a wood pellet furnace could be 

investigated. Other areas of research that could be undertaken include increasing 

the combustion and thermal efficiency of the wood pellet furnace. Increasing 

these efficiencies would improve the energy efficiency of the system and 

decrease the GHG emissions and costs. Additional technological research could 

be undertaken on the use of exhaust gas from the wood pellet furnace to reduce 

the CO2 concentration. This would decrease the cost of using propane for CO2 

enrichment. Price fluctuation of a fuel source increases the costs risk of 

greenhouse vegetable production. An analysis of price fluctuation across fuel 

sources should be undertaken. Finally, economies of scale for wood pellet 

production could also be investigated since scale of economies affects the price of 

wood pellet and hence in turn prices. Decreasing the cost of wood pellets 

increases the competitiveness as a fuel source. For instance, wood pellet 

production in British Columbia was much higher than Quebec. Consequently, 

their price of pellets would be lower than for Quebec. Operation costs influence 

on the decision making by greenhouse farmers. It would be interesting to see 
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when price fluctuates, how much it will affect the fuel choice for greenhouse 

operation. 
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