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The primary goal of this research was two-fold. The fint objective was to develop a 

mathematical model of the H e r h o P  Bio-degradation system and to test the ability of such 

a mode1 to predict responses in the physicd system. The second objective was to analytically 

determine the risk of off-site odour problems. and to rneet the facility requirements for a 

Certificate of Approval from the Ministry of the Environment and Energy. 

Results indicate that the model is capable of predicting the general trends and responses 

similar to those observed in the physical system. With inclusion of additional reaction rate 

correction factors and the use of multiple substrates. it could potentially be a very useh1 tool 

for determining system response to various conditions and inputs. 

The odour ernissions study conciuded that there is unlikely to be off-site odour problems due 

to the Herhof System. On the occasion that odour panel tests were completed. the results 

were in general agreement with analytical resuits. indicating that on-line monitoring could 

be considered as an preventative measure. 
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1.0 INTRODUCTION 

The Herhof Bio-degradation System is used extensively in Germany, and to a lesser extent 

in other parts of Europe and Nonh Arnenca. The Herhof company. which had been a road 

construction company since 1968. conceived of the moduiar compost container system in 

1980. It's tint installation was in 1987 at APlar in Germany. This site uses eighteen single 

boxes and one double box to process 27.000 tonnes of compost per year. Herhof currently 

has eight plants in Austria one in Canada one in Luxembourg. one in Belgium and thirty- 

four in Germany, making a total forty-five installations. 

The Canadian installation of the Herhof Biocellm is located in the Regional Municipality 

of Peel. at the Cdedon Sanitary Landfiil. This site currently disposes of the organic wastes 

from approximately 4500 homes in two Herhof BiocellsTM. The system. which was pre- 

fabricated and imported from Germany. has the capacity to process 50 tonnes of waste per 

week. The system is a completely automated in-vessel. static pile system that produces 

commercial-quality compost which is sold for $30/tonne. A schematic of a single Herhof 

Biocellm is provided in Appendix A. 

The waste is shredded, using a Dannernf mode1 A250 slow-speed shredder, to a particle size 

< 75mm and rnixed before being placed in the reactor. The ce11 is completely sealed and the 

substrate proceeds through the four stage process described in Table 1 before being removed 

from the reactor and placed in windrows for cunng. While in the reactors. airflow is forced 



through the pile from below. This airflow is recycled continually until the CO2 concentration 

in the reactor reaches 5% by mass, at which tirne the reactor air is exhausted and fresh air is 

taken in. The solids retention time, usually approximately seven to ten days. is determined 

by the length of the phases. 

Table 1 - Stages of the Herhof Composting Process 
Stage Description 
Stage 1 Stage 1 is an initial warming stage. The reactor remains in stage L until the temperature 

inside reaches 40°C. 
Stage 2 Stage 2 is an additional warming stage. Requirements of this phase rire a minimum of 48 

hours at 45°C. followed by a w m  up to the set-point of 60 O C .  

Stage 3 Stage three is a high-rate phase 72 hours in duration, beginning when the reactor 
temperature reaches 60°C. 

Stage 4 Stage 4 is a 36 hour coolin,eldrying stage. During stage 4. the reactor is continually flushed 
with ambient air. 

Any gases exiting the reactors are vented through a biofituation systern. Each of the biocells 

has a three-Ievel biofilter. The biofiIters are 1 m by I .2 m in cross-section, and each Ievel 

is 0.66 m high. The three sections of the filter contain 0.3 m of cured compost, 0.3 m of 

wood chips and 0.3 m of bark, respectively. The purpose of the biofilten is to sorb the 

odorous compounds and maintain an active microbial population which will degrade them. 

1.1 Research Objectives 

The Caledon System is the first Herhof unit in Canada and the process is a signifiant 

departure from other composting facilities. As such. it was considered usefûl to examine its 

operations over sufficient time to account for seasonal effects. The results of the study would 

be of interest to other municipalities. 



The Herhof BiocellTM is a closed. automatically controlled. fully-instrumented system which 

makes it particularly useful for research and especially for model development. To have a 

suitable model that simulates the process under different operating conditions would 

obviously be beneficial for waste-management planners and operators. Furthemore, the 

Certificate of Approval issued by the Ontario Ministry of the Environment and Energy 

(MOEE) for the Caledon facility required monitoring of odour emissions and compost 

quality. 

Therefore, the specific objectives of this research are to: 

1. Develop a mathematical model of the Herhof System to predict mass reduction. 

temperature profile and process duration based on inputs and conditions 

2. Compare the observed field performance to that predicted by the model 

3. Monitor the Herhof installation at Caiedon Sanitary Landfill for odour emissions 



The following review of relevant literature provides background regarding composting 

systems. the problems associated with thern and the process models that are available. 

2.1 The Composting Process 

In recent decades. the composting process has received renewed interest as an alternative to 

landfilling and incineration of al1 types of organic wastes including sludges, yard wastes, 

food wastes a d  agriculturd wastes. The composting process in the context of this study is 

the biologicai degradation of organic material under controiled aerobic conditions. The 

desired product of this process is compost of suscient stability for use as a soi! amendment 

without adverse environmental and plant growth effects. 

In order for cornposting to be considered an acceptable and efficient method of organic waste 

disposal. the rate of the degradation process must be optimized. This is generally achieved 

through careful control of the process parameters including temperature. moisture. oxygen 

availability and the presence of desirable rnicrobial populations whose metabolism achieves 

degradation of the wastes (Jeris & Regan, 1973b; MOEE. 1990). Theoretically, complete 

breakdown of municipal solid wastes c m  be described by the foilowing stoichiometric 

equation; 

4CaHbOp2ePf + (4a + b - 2C + 5d + 6e + 5n0, - 4aC0, + (2b - 2d - 4e - 

6 m O  + 4dN03- + 4 e ~ 0 f -  + 4 f ~ 0 : -  + (4d + 8e + 1 2fiH ' + Heat Energy (1) 



Where C,H,Op,SP, is an elemental description of the substnte with the value of the 

subscnpts attained from an ultimate analysis of representative substrate samples. Based on 

this stoichiometric relationship, knowledge of the fractional components of the organic 

material (a through f, in Equation 1) allows calculation of the quantity of O, consumed 

during degradation and the quantity prod~ced of each of the products of the reaction. 

2.1.1 The Phases of Composting 

The characteristic temperature profile of the composting process is shown in Figure 1. 

/'= ! 
I \. A - Memphyllfc \ 3 - Thrrmophilic l 

C - Coolfng 1 
D - Matwfng ! 

I 

Figure 1 - Typical Temperature Profile of a Composting Process 
(Adapted from Wong, 199 1 ) 

This profile illustrates the four distinct phases of the process; the rnesophyilic stage, the 

thermophilic or high rate phase, the cool down phase and the maturing phase. Typically, the 

first three phases are completed within a few days to weeks, depending on the substrate 

charactenstics and process parameters. The fourth phase, known as the maturing phase, c m  



take months to reach completion. 

The mesophyllic stage is the fint stage in the process. characterized by a rapid increase in 

substrate temperature from ambient. During this phase, mesophyllic organisms begin to 

break down the organic matter in the waste to simple orgmic acids and a substantial amount 

of energy is released in the f o m  of heat. Because of the low thermal conductivity of the 

organic material. heat accumulates within the pile until the pile temperature reaches 

approximately 40°C. This temperature is limiting to the mesophyllic organisms. and they 

begin to die off. 

The second stage in the process is called the themophilic, or high-rate. phase. This stage is 

characterized by the presence of facultative nitrogen-fixing microbes. These organisms 

operate in the 40-60°C range. and cause a rise in pH to alkaline levels. Heat continues to 

accumulate in the piie. and if excessive quantities of nitrogen are present. ammonia wiil also 

be volatilized (Jiménez & Garcia. 199 1 : Wong, 199 1 ). Once the temperature within the pile 

reaches 55-60°C, the themophilic fungi will begin to die off. and spore-forming bactena and 

actinomycetes take over. The thermophiiic phase cornes ro an end when most of the easily- 

degradable organics are broken down. At this time. biologicd activity will decrease. and the 

pile temperature will begin to fall. 

The third phase of the composting cycle begins when the pile temperature falls below 60°C. 

At this tirne, the themophilic hingi will become active once again. Since the majority of the 



easily degradable organics have been broken down. the fungi will begin to break down the 

more resistant cellulosic materiais. Since these materials are much more resistant to 

degradation. the reactions are much slower. and the heat generation is not rapid. Therefore 

the compost pile will continue to cool. As the pile reaches 40°C, the mesophyllic microbes 

take over, accompanied by a smail drop in pH (Wong, 199 1). 

The final phase of the composting process is a longer-term maniring phase. beginning when 

pile temperature approaches ambient. During this phase the mesophyllic organisrns remain 

relatively active, and microfauna begin to appear. If is dunng the maturing cycle that 

complex humification processes occur. and humus is produced. 

2.2 Process Configurations 

Although composting is a natural process. in order to make it a feasible waste-management 

alternative, the rate of degradation must be increased. In order to achieve this. numerous 

different process configurations have been developed each attempting to maximize process 

efficiency. These processes c m  be characterized into non-reactor systems, vertical flow 

reactor systems, horizontal and inclined flow reactor systems, and non-flow reactor systems. 

General system descriptions are provided in Table 2 (Haug, 1993). 



Table 2 - Classifications of Composting S ystems' (Adapted from Haug. 1993) 

CLASSIFICATIONS GENERAL DESCRIPTION 

Non-Reactor Systems 
Agitateci Solids Bed Windrows are the rnost common of the agitated solids bed systern 

Usually on open ground. with haystack cross section, turned 
periodicaily. ~May be forced or conventionaily aerated. 

Static Solids Bed Waste may be piaced in piles or compressed into solid blocks for 
degradation and curing. Aeration is by natural diffusion. Wide 
applications for sludge cake in the US Instailations in Germany and 
S witzerland, 

Vertical Flow Reactor Systems 
Moving Agitated Bed Probably the oldest reactor system - numerous versions. but the 

basic configurations include verticalty stacked decks, the compost 
is dropped from deck to deck, to provide aeration. There are many 
modifications to this system. installations have been reponed in 
Korea Italy. Swiuerland. Thailand ruid Japan. Residence tirnes 
range from 2 days to 8 weeks. 

Moving Packed Bed Reactor consists of a cyIindrical tower with no interior tloors or 
other mechanisms. Waste moves gadually downward as the 
bottom layers are removed by scraping. There are at l e s t  3 
variations of the systems. with residence times ranging from 4-1 2 
days. Curing is required post-reactor. In 1993. over 25 instailations 
were reported to be operating in G e m y  and France. 

Horizontal and Inclined Flow Reactor Systems 

Rotary (rotaung) drums Typicaily a cylindrical or hexagonal shaped screen dnim compost 
is aerated by rotation of the drum May be a single h m  or drums 
in series. S o m  are inclined, and screens may be covered for a 
portion of the degradation process. Drums may also be divided into 
compartments to avoid shonxircuiting. Typically curing is required 
after removai from the reactor. Probably the most popular reactor 
system for MS W. 

Agitated B ins 

Static Bed Bins 

Non-Flow Reactor Systems 

Rectangular or circular tank. with mechanical agitation and/or 
forced aeration. Substrates include MSW, yard wastes and 
industriai and municipd sludges. Past instaIlaùons include Canada. 
United States. Spain, Indonesia. 

A horizontai, static bed reactor developed in 1979 a s  an adaptation 
of the vertical silo systems. A plug-fiow. tubular rerictor of 
rectangular cross-section, with volumes ranging from IO-500rn3. 
Gases rnay be exchanged dong the tength of the reactor. and new 
material is added by either a 'pusher-plate" or a 'walking floor' 
mechanism. which forces the matured compost to the other end. 

A number off 'box-type' reactor processes have been developed 
recently. Substrate is placed in the box at the start of the cycle, 
which may be 7- 14 days in duration, controlled aeration Windrow 
curing is typically required for several months after removal from 
the reactor. 

'More detailed information is provided by Haug (1993) 



2.3 Process Control Parameters 

In order to produce good quaiity compost product in a reasonable arnount of time, process 

parameters must be maintained at optimum levels. The most significant parameters that can 

be controlled and directly affect the cornposting process are temperature. oxygen availability, 

moisture content, nutnent availability and retention time. 

2.3.1 Temperature 

As previously mentioned a major by-product of microbial degradation is heat energy which 

accumulates within the pile. Heat generation from pulverized refuse is estimated to be 7 

MJkg of initial dry volatile solids (as cited by Wong, 1991). The evolution of heat within 

the pile is an indication that the compost substrate is being degraded and is important for 

parhogen destruction. but c m  also be self-limiting. If temperature is uncontrolled, it c m  

r e z h  75-80°C, which will result in the death of almost al1 active bacteria and therefore a 

slowing of the composting process (Finstein et al.. l987b; Strom 198% ). 

S trom ( 198%) found that microbial species diversity decreased sharply above 60 OC, and 

recomrnended that the maximum allowable temperature for MSW composting be rnaintained 

at that level. Additional studies by Finstein et al. ( 1980). McGregor et al. ( 198 1 ) and Jens 

and Regan ( 1973a). as cited in Wong ( 199 1 ), illustrate that at temperatures below 60 OC, the 

microbial population is active and diverse, with biodegndation and heat and water 

production proceeding eficiently. At temperatures greater than 60°C, al1 of these processes 

are retarded. Based on the results of these studies, Finstein (1980) concluded that the 



optimum temperature for the thermophilic stage of degradation is 55°C. These results were 

also supported by Hamamoto et ai. ( 19791, who detennined that the degradation rate constant 

was maximized at 60°C. based on a mathematical mode1 of MSW composting process. 

in order to ensure that the pile temperature does not exceed 60°C, a method of heat removal 

is usually required. The three main methods of heat removal in composting are the result of 

vaporization of water, heating of ventilation air and conduction. As mentioned previously, 

the compost matnx has low conductivity. thereby eliminating conduction as a sipificant 

mode of heat removal. Typically, approximately 90% of heat removai from a composting 

pile is as the resuit of evaporative cooling (water vaporization), while the remaining 10% is 

due to sensible heating of ventilation air (convection) (MacGregor et al.. 198 1; Finstein et 

al., 1980: Wong. 199 1 ). 

23.2 Aeration 

Aeration is required in composting for three main functions; to rneet the biologicai oxygen 

demand of the organic matter. for heat removal and for vaporization of water from the pile 

(Diaz et ai., 1994; Wong, 199 1). Aeration mechanisms are divided into two main groups; 

agitation and forced aeration. Agitation is achieved by tumbling, stimng and/or rnixing of 

the composting mas.  In forced aeration, air is either forced through the mass under pressure, 

or pulled through the mass by suction (Diaz et al., 1994). Typically, aeration of in-vesse1 

systems is achieved by one or a combination of these methods. Although aeration by natural 

diffusion has been used in the past, it is generally considered inadequate to meet oxygen 



demand and cooling or drying requirements (Diaz et al.. 1994: Wong, 199 1 : Gray et ai.. 

1973). 

The maintenance of aerobic conditions in the compost pile is important in encounging rapid 

degradation and minimizing odours. but maintenance of oxygen concentrations within the 

pile is not the only goal of aeration (Hay et al.. 1990). In fact. studies by Finstein ( 1992), 

Gray et al.( 1973) and Cardenas & Wang ( 1979) have ai1 found that the aeration required for 

maintenance of aerobic conditions is insuff~cient for cooling and drying of the compost mass. 

instead. each of these authors recommends that the aeratiodagitation system be designed to 

maintain optimum temperatures and moisture content. This level of aeration will ensure 

suffkient oxygen to meet the demand of degradation reactions. 

2.3.3 Moisture Content 

Moisture is essential for the biological reactions that result in humification of organic matter. 

However, if the rnoisture content of the waste is too high. the intentitiai spaces of the waste 

may become filled with liquid. thereby limiting the availability of oxygen within the pile. 

Therefore the moisture content required for efficient and complete aerobic digestion of 

municipal solid wastes is a balance between the rnicrobial requirement for moisture and the 

maintenance of free air space (FAS) for movement of gases. 

Free air space is also a function of the waste material itself. so the critical moisture content 

will Vary based on the type of substrate. particle size and particle size distribution. Even 



within the category of MSW composting, optimum rnoisture contents have been quoted that 

range between 25% and 80% (Jeris & Regan. 1973). This large variability of moisture 

content is a function of the MSW composition and particle size. Waste with larger particle 

size will maintain a greater air/solid ratio in the matrix, providing more efficient rnovement 

of gases. Therefore the critical value for moisture content will depend on the degree of 

grinding and screening pnor to composting, as well as the fraction of porous materials such 

as  wood chips, paper and yard wastes (Haug, 1993; Jeris & Regan, 197 1 ). 

2.3.4 Nutrient Availability 

Nutrients are required in biological processes for formation of microbial ce11 mass and 

enzyme production. and for process energy (Golueke, 1 979). For these function. almost a11 

elements are utilized to some extent by the microbes in a compost pile. The most significant 

elements are divided into two categories; macronutrients which are required in the greatest 

quantities, and micronutnents which are required in small quantities. Macronutrients are; 

Carbon (C), Nitrogen (N), Phosphorous (P) and Potassium (K) while the micronutnent 

category includes Cobalt (Co), Manganese (Mn). ~Magnesiurn (Mg), Copper (Cu) and 

Calcium (Ca) (Golueke, 1979; Gray et al., 197 1 ; Diaz et al., 1994). 

2.3.5 Retention Time 

The solids retention time required for complete stabilization of wastes depends on the type 

of system, maintenance of optimum conditions and the degree of stabilization required. Even 

under optimum conditions, the rate of degradation is still subject to genetic limitations of 



rnicrobid growth and degradation. Due to these limitations. even under optimum conditions. 

stabilization of MSW should take at least one month (Wong, 199 1 ). 

The solids retention times quoted for the in-vesse1 systems described in Table 2 are much 

shorter than a month. This is because rnost of the in-vesse! systems are used only for the 

rapid decay stages. and the product must then be placed in windrows for curing and 

maturation before a useful soi1 amendment is obtained. 

2.5 Mathematical Models of the Composting Process 

There have been many attempts to model the composting process. Different types of 

mathematicai models range from entirely empincal to pureiy theoretical, dthough many are 

a hybrid of these two extremes. The particular models discussed here are hybrid models 

developed by Haug ( 1980), Nagasaki et al. ( 1987) and MacDonald ( 1995). 

Haug ( 1980) developed two commercially avaiiabie cornputer models. CMSYS4 1 B and 

CMSYSSZB, to simuiate the composting process. The former is used to simulate systerns 

in which al1 feed cornponents. or substrates are homogeneously mixed and flow through the 

process without subsequent separation. The second model, CMSYSSZB. is used to simulate 

systerns in which bulking agents are used and are then screened at some point in the process 

for recycle to the first stage. Both model types allow simulation of recycle of the feed 

mixture to the first stage. 



The Haug models are based on energy and mass balances around the composting system and 

its stages. It is a hybrid between theoretical and empirical relationships in that the model is 

based on fundamental mass and energy balances. while some penpheral relationships, 

inciuding reaction rate constants and temperature corrections. are empirical in nature. 

For the purpose of the simulation. the composting process is divided into a number of stages. 

Up to ten different substrates may be fed into stage one. and the output from stage 1 becomes 

the input to stage 2. etc. Each of these stages is modelled as a continuous flow. completely 

rnixed reactor and the solution is based on energy and mass balances performed around the 

entire system and each of the stages individually. 

Mode1 inputs include the substrate components, temperature. heating value. water content. 

degndability coefficient. volatile solids content and degradation rate of the substrates as well 

as the hydraulic residence time (HRT), water addition. airfiow rate, air temperature and 

humidity, solids content setpoints and temperature setpoints for each of the stages. 

Nakasaki et al. ( 1987) developed a model based on m m  and energy balances on a laboratory 

scaie reactor. The model predicted percent dry solids, rnoisture content and temperature with 

time, by using an empiricai reaction rate. The empirical reaction rate relates temperature, 

percent conversion of volatile solids and rate of CO2 generation. 

The mathematical model developed by MacDonald (1995) is based on a stoichiometric 
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relationship for the reaction, a kinetic rate equation and a heat and rnass balance of the 

system. The stoichiometry was based on rabbit chow as a volatile solids source and the 

common kinetic rate equation. shown in Equation 2, was used: 

Because temperature is considered the key factor affecting biological activity, it was assumed 

that the rate constant is a function of temperature only. 

MacDonald (1995) also cited the following relationship between remperature and rate 

constant from Haug ( i 993): 

but adjusted the optimum temperature range to suit MSW composting, which has a range 

approximately 13°C lower than that used for sludge cornposting by Haug (1993). This 

results in the following temperature dependance equation: 

MacDonald (1995) aiso incorporated a lag phase into his model. This was meant to account 

for the delay before the advent of microbial growth. which is often attributed to rnicrobial 

acclimation. The lag factor is described by: 



This is incorporated into the model by multiplying the temperature adjusted rate constant (k,) 

by t,=, before applying the kinetic equation. 

Mass, energy and water balances are then perforrned over the system. These balances are 

solved using a finite different approach over each time-stcp. The resulting model has some 

difficulty predicting the behaviour of the labontory-scale reactor and would not be applicable 

to a full-scale system. 

There are many other composting models available but those described here are 

representative of mathematical models that. with some modifications. could be used to model 

a highly-controlled process such as the Herhof Bioceil. 

2.4 Odour Generation in Composüng 

One of the greatest challenges faced by large-scde composting facilities is odour control. 

Regardless of the practicality of composting as a method of soiid waste management. if a 

facility produces excessive odours that are a nuisance to the surrounding cornmunity the end 

result is likely to be the shut-down of the facility. 



2.4.1 Odour Compounds 

Historically, it was believed that odours from composting were only the result of anaerobic 

conditions in composting piles (Haug, 1993). however. it is now known that odorous 

compounds are natural by-products of both aerobic and anaerobic degradation. The organic 

material that is the input to composting processes contains a number of components that are 

precursors to odour formation. including proteins, amino acids and carbohydrates (Walker. 

1993). In the composting cycle. odorous compounds that c m  be formed include ammonia 

(NH,), hydrogen sulphide (H2S). organic sulfur cornpounds. aliphatic (fatty) acids. amines 

and aromatics (Haug, 1993: Miller, 1993; Walker. 1993). However. the most predominan t 

odours associated with composting of municipal wastes are mrnonia (NH,) and the organic 

sulphur cornpounds dimethyl sulphide (DMS) and dimethyl disulphide (DMDS). Table 3 

is a more exhaustive list of compounds that have been implicated is causing odours in 

composting and their threshold detection levels. 

2.4.2 Measurement of Odours 

Knowing that odour compounds are present leads to the need for a method of 

characterization and cornparison of odours. Odour compounds are characterized by emission 

rate, intensity and persistence which cause differences in when and where they are detected, 

if at ail. For exarnple, ammonia is extremely intense. but is easily diluted. Therefore, the 

srneil of amrnonia may be very strong on-site and may mask other odours, but it is rarely an 

odour problem any distance off-site. Convenely, organic sulfur compounds. such as methyi 

sulphides, are very pervasive meaning that they may be detected easily even when highly 



Table 3 - Suspected Odour Compounds from Composting Faciiities 
Odour Threshold 

Name Formula 1M.W. Odour (pdm3) 
LOW ~ k h  ADL+ - 

sulfur compounds 

Hydrogen Sulphide Hzs 34.1 -60.7 rotten egg 0.7 14 6.7 

Carbon oxysulphide COS O -50.2 pungent n/a d a  d a  

Carbon Disuiphide CSI 76.1 36.3 disagreeable. 24.3 2.3e04 665 
sweet 

Dimethyi Sulphide (CH,)$ 62.1 37.3 rotten cabbage 2.5 50.8 2.5 

DimethyI Disulphide (CH,)& 94.2 109.7 sulphide O. 1 346 

Dimethyl Trisuiphide (CH3)IS3 126.2 165 sulphide 6.2 6.2 

.Methane thiol CH3SH 4 3 . 1  6.2 sulphide. 0.04 52 4.2 
pungenr 

Ethanthio 1 CH3CH,SH 62.1 35 sulphide. emhy 0.032 92 2.6 

ammonia and nitrogen containhg compounds 

Ammonia NH3 17 -33.4 pungent. sharp 26.6 3.96eOJ 3.3e04 

Amino methme (CH,)NH: 31.6 -6.3 fishy, pungent 25.5 1.2e04 - 
Dimethylamine (C&)PH 45.1 7.4 fishy, amine 84.6 84.6 88.1 

Trimethylamine (CH3)3N 59.1 2.9 fishy, pungent 0.8 0.8 0.52 

3-methylindole C,H5C(CH3)CHNH 
(skatole) 

volatile fatty acids 

Methanoic ( formic ) HCOOH 46 100.5 biting 45 3.78e04 - 
Ethanoic (ace tic ) CH3COOH 60.1 118 vinegar 2500 2Se05 2500 

Propanoic (propionic) CH,CH2COOH 74.1 14 1 rancid. pungent 54 6e04 - 
B utanoic (butyric) CH3(CH,),COOH 102.1 187 rancid 1 9e03 3.7 

Pentanoic (valeric) CH3(CH2),COOH 102.1 187 unplesant 2.6 2.6 

ketones 
Propanone (acetone) CH3COCH, 58.1 56.2 sweet, minty 47500 1.6 le06 2.4e05 

Butanone (MEK) CH3COCH,CH3 72.1 79.6 sweet, acetone 737 1.37e05 3e04 

2-Pentanone (MPK) CH3COCH2CH2CH, 86.1 102 sweet 28000 4.5e04 - 

other compounds 

Benzothiozole C,H,SCHN 135.2 23 1 penetrating 442 2210 - 
Ethanal CH,CHO 44.1 20.8 green sweet 0.2 4140 385 
(acety Ialde hyde ) 

Phenol C6H50H 94.1 181.8 medicinal 178 2240 184 

'Analyticai Detecuon Lirnit (ADL) (Williams & Miller, 1993) 



diluted. As a result these odours may not be apparent on-site due to masking by other 

compounds. but are often the source of cornplaints from neighboring communities (Walker. 

1993). 

Odour quanrity is generally determined by the human nose, typically using odour panel tests. 

It is expressed in terms of the number of effective dilutions required for the odour to be 

detected by 50% of the participants in the odour panel. This value is know as  the ED, k v r l  

(Haug, 1993; Walker. 1993). 

Odour intenrity is the measure of the strength of the scent. compared to a standard compound 

such as n-butanol. The intensity is matched by the odour panel to a concentration of the 

standard that gives an equivalent intensity to the compound being tested, and is then 

expressed on an equivalence bais as milligramSnitre of the standard compound (Haug, 1993; 

Walker, 1993). 

The pewasiveness of a odour is determined by its intensity. A high intensity compound can 

be detected at very low concentrations and is considered to be pervasive. A quantitative 

measure of pervasiveness is determined by plotting the intensity measured at various 

dilutions, as shown in Figure 2. The dope of the relationship is then calculated by regression 

analysis. As illustrated here, a flatter slope would indicate a highly pervasive compound, 

where the intensity of the odour does not Vary considerably over a range of dilutions. 
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Figure 2 - Dilution Characteristics of Pervasive and Non- 
Pervasive Odours ( WaIker. 1993) 

Also important in characterizing an odour probiem is the mass of odour produced per unit 

time, or the rate of emission. Even intense. pervasive odours rnay not cause a problem if the 

production rate is low. 

As previously mentioned, the accepted method of measurement of composring off-gas 

sarnples is an odour panel. The panel is usuaily comprised of 8-10 people. who are asked to 

smell a series of dilutions of the sampie, ranging from highest dilution (lowest concentration) 

to lowest dilution (highest concentration). Determination of the odour by this method 

examines the off-gases as a mixture, accounting for synergistic and antagonistic effects of 

different compounds in the gas. However, because odour panels identify overall odour 

strength, the potentiai for causing odour nuisance is not addressed directly. Furthemore, the 



collection and preparation of the off-gas samples for analysis by odour panels is time 

consuming and expensive. It is therefore of little value for process conuol. 

Since the major odour-causing cornpounds from the composting process have been 

identified. it may also be possible to determine the risk of causing nuisance odoun 

analytically. Mass spectral or gas chrornatographic aalysis of off-gas sarnples could 

determine the presence of the offensi\-e odour compounds, and measure their concentration. 

Lf such an anaiysis could be perfom-d on-line. remedial action couid be taken before the 

concentrations/amounts reach a nuisance level. 

2.4.3 Reduction of Odours 

Minimization of odour emitted from a composting facility rnay be achieved by one or a 

combination of physical, chernicd or biological methods. Historicdly, the most cornrnon 

methods for odour conuol include dilution. masking, sorption. condensation. oxidization by 

combustion. chexnical scmbbing, ana more recently, by microbes in biofiltration (Balling & 

Reynolds, 1980; Gibson, 1995; Van Durme et al., 1992, Wilson et al., 1980). 

The popularity of biofiltration for odour reduction has increased tremendously in recent 

years. The bais  of the technique is the use of a biologically active. solid media bed to sorb 

compounds from the air stream and remin them for oxidation by the microbial population in 

the media Early 'biofilters' used soi1 as a filter media, but recent trends use compost or peat 

due to their higher microbial accivity and specific surface area The most desirable 



characteristics of biofilter media include high specific surface are* air and water 

penneability, water holding capacity, active microbiai population and relatively low cost. 

Table 4 outlines the basic design and operating parameters as described by Haug ( 1993). 

The usefulness of biofilters for treatrnent of odorous composting gases has been subject to 

some controversy. Haug ( 1993) cites studies on a number of European installations that 

have observed 99% removal efficiencies on gases where inlet concentrations have been as 

high as 25.000 to 50,000 ED,,. A study by Hanestein and Allen (1990), reponed high 

removai efficiencies for some of the most important compounds in compost odours, 

including H?S (>99%), methyl mercaptan. DMS and DMDS (>go%) and various terpenes 

(>98%). But, these studies are conuadicted by other results that have reponed insignifiant 

removai of both organic and inorganic sulfur compounds when highly loaded (Haug, 1993). 

However. bench-scale studies by Gibson (1995) and Cho et al (199 1 a) also support the 

positive results obtained with biofilters for odour removal, and it is generally believed that 

if designed and operated properly, biofilters are an extremely effective method of reducing 

odour problems in composting (Gibson, 1995: Haug, 1993). The use of biofilters at the 

Guelph Wet/Dry Facility, as well as other full-scale plants. has also clearly dernonstrated 

over the p s t  few years that odour control is readily achievable. 



Table 4 - Recomrnended Design and Operating Panmeters for Biofilten (Haug. 1993) 
Fil ter Media Biologically active, but reasonably stable 

0rg&ic content >608 
Porous and friable with 7590% void voiume 
Resistant to water logging and compaction 
Relatively low fines content to reduce gas head 
loss 
Relatively free of residuai odour 
Specificaliy designed mixtures of material may 
be desirable to achieve the above charactefis tics 

Moisture Content 50-70% by weight 
Provisions must be made to ridd water and 
remove bed drainage 

Must be adequate ro avoid rate limitations 
Usuaily not a problem with composting gases 
because of the high MI, content 

Temperature Near ambient. 15-35 or 45°C 

Gas Pretreatment 

Gas Loading Rate 

Gas Rcsidence Time 

Humification as necessary to achieve n e z  
100% inIet gas hurnidity. Dusts and aerosois 
should be removed to avoid media plugging 

c100m3/h-m'. unless pilot testing supports 
higher ioads 

30-60 sec, unless pilot testing supports a shoner 
residence time 

Media Depth > lm or 3 ft. 

Eiimination Capacity 

Gas Distribution 

Depend on media and compound (about 2.2 
mg/HzS/kg media VS per min for H,S) 

The manifold must be properly designed to 
~rovide a uniform gas tlow to the filter media 

2.4.4 Atmospheric Dispersion of Odours 

Once odours are released from the facility, they will be dispersed within the atmospheric 

sublayer, which typically extends approximately 18 rn above ground level (Wilson et al., 

1980). The distance travelled and how quickly they become diluted are a function of both the 

source and the amosphenc conditions. including heat flux. sublayer temperature, Iapse rate 

and wind speed (Wilson et al., 1980). 



The source may be considered either a point source or an area source. depending on the 

individual facility. Release from a scrubber or stack is considered to be a point source, while 

odoun originating from an open compost pile. or a biofilter bed are considered to be area 

sources (Walker, 1993). Typically. area sources result in greater numbers of odour 

cornplaints from surrounding communities than point sources. Although point source odours 

are generaily more concentrated than area source odours. they are usually released at a higher 

elevation, resulting is greater mixing and dilution of the odeurs. Area sources released lower 

to the ground will travel across the ground surface. thereby increasing the nsk of detection 

by recepton (Wdker. 1993. Wilson et al., 1980). 

There are numerous mathematical and/or cornputer models available to predict atmospheric 

dispersion. These c m  be used with appropriate caution to estimate odour transport from an 

existing facility, mess  odour dilution techniques or assist in plant siting and design (Haug, 

1993; WiIson et al., 1980). 



3.0 MODELLING THE HERHOF PROCESS 

The purpose of modeiling the Herhof process is to determine if system performance c m  be 

reproduced mathematically. If this is possible. a cornputer model of the systern could be 

used to predict the response of the physical system to changes in conditions and substrates. 

The original intent was to modify the modeis developed by Haug (1993). but the nature of 

the highiy-controlied Herhof System would require significant modifications to the Haug 

rnoaeis. It was therefore decided that the best approach was to develop a new model 

specificaily for this application. A conceptual diagram of the flows in the Herhof Process 

is given in Figure 3. 

3.1 Mathematicai Mode1 Development 

The modei development invoived the stoichiometric relationship for the process, estimation 

of degradation rates in the kinetic equation. mass and energy balances. and verification using 

observed operating data and resul ts. 

3.1.1 Stoichiometry 

The equations required to describe the bio-degradation of volatile solids are readily available 

in literature. The simplifieci stoichiometric equation used by Haug ( 1993) and MacDonald 

(1995) to descnbe the relationship between the substrate and the products of the oxidation 

process is given by; 





For the development of the model. the volatile solid source used for the fint substrate is food 

waste. Based on the approximate composition for food waste. the stoichiometric 

relationship becomes: 

C,,H,,O,N + 17.250, - - 16C0, + 10.5H,O + NH, + Heat Energy - - (7) 

The model allows the input of multiple substrates for the purpose of simulating systems 

which combine distinct types of wastes ancilor bulking agents. With the stoichiometnc 

composition of the substrate. equation 6 is then used to determine the m a s  of carbon 

dioxide, water and amrnonia produced and the mass of oxygen consumed by each substrate 

per unit mass of volatile solids degraded. 

3.1.2 Kinetics 

In order to determine the mass of volatile soiids degraded over time. a kinetic relationship 

is used. It is cornrnonly assumed that, for most batch reactions. the relationship between the 

mass of volatile soLids consumed and the concentration of volatile solids is a first-order 

relationship described by (MacDonald, 1995; Roels, 1983): 



 nomc ch turc is prnwded at rhe kginning of bis document 

The reaction rate, k, which is determined by the substrate characteristics, is also variable with 

changes in oxygen availability. moisture content and most significantly, tempenture. For 

convenience. the rate constant is commonly considered as  a function of temperature only 

(MacDonald. 1995; Stuparyk, 1993). For the developrnent of this mcdel. the relationship 

used by Haug (1993) in the CMSYS rnodels is shifted 13°C and applied. as previousiy 

discussed. The relation used for the mode1 is shown in equation 4. 

3-13 Energy and Mass Balances 

The mode1 equations are developed by performing mass and energy balances on the reactor. 

The reactor is treated as a Continuous Stirred-Tank Reactor (CSTR) wherein spatial 

variations are ignored. Materials are considered to be instantly and uni fody mixed. and al1 

materials within the reactor are rissumed to be at the same average temperature. 

The energy balance around the reactor is based on the fundamental equation; 

Rate of Energy Accumulation =Rate of Energy Input - Rare of Energy Outpur (9)  

The accumulated energy in the energy balance is seen as temperature increases of al1 

materials in the system. Therefore. the rate of energy accumulated in the reactor is descnbed 



Losses of thermal energy from the reactor occur by three pnrnary mechanisms. heating of the 

reactor exhaust gases. vaporization and removal of water vapour from the reactor and losses 

in the condenser. The losses in the condenser include the change in enthalpy of the dry air 

strearn and the removd of liquid condensate from the system. It is assumed that the heat loss 

through the insulated reactor walls is much less signifiant and is ignored. Therefore. the 

rate of energy loss from the reactor c m  be described by: 

Another source of themal energy is heat produced by microorganisms in the degradation of 

volatile solids. There are a nurnber of methods to calculate energy production. but for this 

model. the heat of combustion of volatile solids degraded is used as an estimate (Haug, 

1993). 

Combining equations 10. I 1 and 12 gives the overall enthalpy balance for the model: 



The mass balance for water and dry solids are perfonned over the system. The water 

generated by the degradation process may be calculated from the stoichiometry shown in 

Equation 6, which is aiso used to calculate generation factors for each product. Leachate is 

added directly back into the system. so the only Iosses of water from the system are 

considered to be water vapour removed in the condenser when the airstrearn is recycied, and 

water vapour removed in the exhaust gases when the air is exhausted. The overall water 

balance is: 

The mass balance of dry solids is govemed by the kinetic rate constant as previously 

discussed. For clarity, the relationship is shown in Equation 15. 

In order to be able to estimate the concentration of CO2 in the headspace gases, a baiance 

must performed for CQ as well. This balance is based on a number of assumptions, most 



significantly that the CO, reaches instantaneous equilibt-ium between the headspace gas and 

the aqueous phase in the substrate. Like water production. the generation factor for COZ is 

estimated from the stoichiometric equation for the volatile solids degradation. 

Henry's Law is applied to estimate CO2 "losses" to the aqueous phase. The relationship used 

t~ calculate aqueous phase concentration is described by: 

where H,,, is Henry's Law constant for CO2 (lcPa-'). 

While air is recycled. there are no inputs or losses of CO, attributed to aeration air. When 

ambient air is used for aeration. COz inputs and losses are calculated using: 

When the aeration air is recycied. there is no gain or loss of CO, associated with the exhaust 

gases. in ttiis case, the last term of Equation 18 becomes zero. For completeness, a sirnilar 

balance for oxygen is included in the model. This balance is described below by Equation 

19: 



3.1.4 Finite Difference Equations 

The differential equations used to describe this system are solved using a simple forward- 

difference approach. The numencal approximation of the primary equations of the modei 

are given below. 

0 - 1 )  M:*" - M:' = m,(At)(Y, - Y, )  + Gw(M,  - ~ 4 ; ; ~ )  



hese equations predict average values for temperature. CO, concentration and degradation 

of volatile solids in the reactor for each time step. When multiple substrates are used. the 

kinetic equations for degradation and production are applied to each substrate over each time 

step. The energy balance is then perfomed over the entire system of combined substrates 

for the same time step. A flow diagram of the cornputer model is given in Figure 4. 

3.1.5 Mode1 Stability 

The use of a fonuard finite-difference solution includes the selection of a time-step for 

caicuiation. In this case. a time-step of thirty minutes was selected. The thirty minute time- 

step is acceptable for bioiogical degradation reactions that proceed slowly and some 

commerciaily available models use tirne-steps of the range of one hour. The reasons for the 

selection of this tirne-step if a balance of computationai efficiency and model stability. The 

use of a finite-difference model for these differentiai equations could result in instability 

andor error-accumulation if the time-step selected were roo long. 
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Once the model was developed. the results predicted must be compared to those results 

observed in the field. This will provide an indication of the ability of the model to predict 

the behaviour of the physical system. 

3.2.1 Data Collection 

Field data was collected for those batches processed between October 1995 and December 

1996. The data collected included information about the characteristics of input substrate. 

output from the system. as well as process parameters. The information coliected for each 

of these runs is outiined below in Table 5. 

Table 5 - Compost and System Data 

Substrate Charactenstics* Product Characteristicsr Process Parameters 

Ash content Ash content Volume of water added* 

Carbon content Carbon content Temperature profile 

Heating value Heating value Duration of phases 1. 1. 3,4  

Mass Mass AirfIow rates 

Moisture content Moisnire content Oxygen levels 

Nitrogen content Nitrogen content Carbon dioxide levels 
m i s  information was not available for ail batches 

This data was to used for two purposes: 

(1) caiibration of the model 

(2) testing the calibrated model performance against batches processed in the field 

The batches for which data was collected are summarized in Table 6. 



Table 6 - Field Batches 

Batch Nurnber S tart Date' Finish Date: 
- - - - - - 

Calibration batch 03- 10-95 16- 1 0-95 

3.2.2 Mode1 Calibration 

Before using the model to simulate field batches and comparing the observed to predicted 

performance, it was necessary to calibrate the model to sample data. 

The theoretical model is the one that was developed as described previousl y. using accepted 

literature values for rate kinetics and other operational panmeters. Some of these parameten 

were then adjusted to better describe the actual performance of the system. resulting in an 

adjusted model. 

The rnodel parameters in which there is the least confidence are the overall degradation rate 

and the fraction of fast-degrading and slow-degrading substrates. These two paramerers can 

be highly variable even between batches of MSW collected from the same area. For this 

reason, it was determined that these parameters would be varied to try to improve the 'fit' 



of the model to the field data, 

In d l .  eleven adjusted rnodels were produced. based on variations of these parameters to 

varying degrees. The primary characteristics of the theoretical and adjusted models are 

illustrated in Table 7. 

Table 7 - Sumrnary Adjusted Mode1 Parameters 

Mode1 Degradation ~ a t e O  Fast-degrading S low-degrading 
(fraction) (fraction) 

Theore tical 

Adjusted 1 

Adjusted 2 

Adjusted 3 

Adjusted 4 

Adjusted 5 

Adjusted 6 

Adjusted 7 

Adjusted 8 

Adjusted 9 

Adjusted 10 

Adjusted 1 1 0.002 0.5 0.5 
b~egradation rate shown for fastdegrading fraction. Slow degradation rate is 10% of rate shown. 

Each of these models were then used to simulate the batch processed October 3-16, 1995 and 

the adjusted model that was shown to be most sirnilar (based on M M E )  to the observed 

results was selected for further simulations of the system. This batch was selected for 

calibration because it is the first batch that followed the required operational profile without 



intemption. and for which there was a complete data set. 

in comparing the mode1 results to the field data. the following parameters were selected: 

( i ) temperature profile 

(2) mass reduction, and 

(3) overall process duration 

These parameters were selected because they are the most significant operating and 

performance parameters, and field values were available for other batches which were 

subsequently used in the simulation study. 

The cornparison between the predicted and observed data values of the calibration batch is 

based on the Mean Absolute Percentage Error (MAPE). This is an average of the absolute 

difference between the observed and the predicted values for al1 data-points. calculated by: 

where n = the number of data points 

n 
C 

i = 1 

Although there are many statistical measured of fit available. the use of MAPE provides a 

simple quantitative measure of error, accounting for both positive and negative differences 

M A P E  = I .r 100% 
n 

[ o b s e r v e d  v a l u e ] .  - [ p r e d i c t e d  v a l u e ] .  
1 1 

[ p r e d i c t e d  v a l u e ] .  
(25) 



through the use of absolute values and is not limited by the non-linearity of the model. 

Field temperature data is provided at 7-hour intervals. so the MAPE is calculated at this 

interval. The MAPE values for al1 data points are then averaged over the entire duration to 

give a quantitative measure of the cioseness of fit between the predicted and observed data. 

The field data only provides mass and moisture content values for the input and output 

samples, so there is only a single value for calculation of the M M E  for dry mass reduction. 

The overall duration MAPE is also necessady based on one value for each calibration 

simulation. 

3.2.3 Measuring Mode1 Performance 

The purpose of developing this model was two-fold. First. to determine if a theoreticaily- 

based rnodel would produce similar performance as the reactor system in operation, and 

second to use the model to determine if variable conditions c m  be accounted for by the 

model. in order to achieve these goals, the theoretical mode1 was first compared to the actuai 

operation of the reacton. and then the model was calibrated with field data from the October 

3" to 16& batch, to match the actual performance of the system as closely as possible. This 

adjusred rnodel could then be used to simulate six field batches to test its ability to simulate 

other batches. The field batches selected although not ideal. were the best of the available 

field data, 



Once verified, the caiibrated model was used to simulate operation of the Herhof Process 

under conditions other than those observed during the experiments. including extreme 

arnbient temperatures. abnormally high degradation rates (very high volatile organic content) 

and abnomdly Iow degradation rates (high Iignin content). To test each of these conditions. 

a test batch was created whose parameters could be adjusted to create these scenarios. The 

batch parameters are sumrnarized in Table 8. 

Table 8 - Parameters for Extreme-Condition Runs 
Batch and Process Parameters 

Condition Ambient (K) Degradation Fast demding Slow 
rate volatiles ( 9%) degrading Situation 
(h-') volatiles (%) 

High arnbient 
temperature 305 

Low arnbienr 
temperature 270 

High organic 
content 

Low organic 
content 

100% Ieaves, 
grass cIippings 

2nd-run 
compost 

The ability of the model to perform as expected under these condition will be a good 

indicator of its flexibility. 

3 3  Modelling Results 

The results of the testing and simulations are sumrnarized below. 



33.1 Selection of the Caiibrated Model 

As mentioned previousiy, the performance of each of the adjusted models was detennined 

by its ability to predict the behavior of the actud system. The basis of comparison between 

the predicted and observed results were temperature profile. mass reduction and duration. 

In order to illustrate the comparison of temperature profiles. the temperatures predicted by 

the adjusted models are plotted against the observed temperatures for the calibration batch 

in Figures 5 through 16. A summary of the other parameters are shown outlined in Table 9. 

Table 9 - Cornparison of Model Results 

Mode1 Mass Reduction Process Final Moisture 
(kg,) Duration (h) content (%) 

Obsewed 
(Oct. 3d batch) 

Theoretical 5634 170.5 76% 

Adjusted 1 3043 205 66% 

Adjusted 2 40 14 207 69% 

Adjusted 3 4833 18 1 72% 

Adjusted 4 4358 169 76% 

Adjusted 5 5634 204 67% 

Adjusted 6 3043 2 10.5 70% 

Adjusted 7 40 14 180 73% 

Adjusted 8 4833 168 76% 

Adjusted 9 5650 206 68% 

Adjusted 10 4543 212.5 71% 

Adjusted 1 1 5018 179 73% 
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Figure 5 - Temperature Profile Comparison, Theoretical 
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Figure 7 - Temperature Profile Comparison, Adjusted 2 
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Figure 8 - Temperature Profile Comparison, Adjusted 3 
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Figure 9 - Temperature Profile Comparison, Adjusted 4 
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Figure 10 - Temperature Profile Comparison, Adjusted 5 
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Figure 11 - Temperature Profile Cornparison. Measured vs. Adjusred 6 
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Figure 12 - Temperature Profile Comparison, Measured vs. Adjusted 7 
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Figure 13 - Temperature Profile Comparison, Ad-justed 8 
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Figure 14 - Temperature Profile Comparison, Adjusted 9 
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Figure 16 - Temperature Profile Cornparison. Adjusted 1 1 



In these models. accfimation of biornass is not taken into account. Adjusted model 12 was 

developed to simulate this type of system. The parameters used for Adjusted model 12 are 

given in Table 10. The acclimation was simulated by removing the distinction between fast- 

and slow-degmding feedstock in Phase 3. Essentiaily. in Phase 3 al1 of the remaining volatile 

solids became fast degraders. The temperature profile for this simulation are shown in 

Figure 17. Cornparisons of overail duration and dry mass reduction are shown in Fi y r e s  

18 and 19, respectively. 

Table 10 - Adjusted Mode1 12 Parameters 

Parameter Value Units 

Degradation Rate (Fast) 0.00 1 h- ' 
Degradation Rate (slow) 0.000 1 h- ' 
Phase 3 Degradation Rate' 0.00 1 h“ 

Fast-Degrading Fraction 0.3 

Slow-Degrading Fraction 0.7 
*AU fractions 
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Figure 17 - Temperature Profile Comparison, Adjusted 12 
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Figure 18 - Comparison of Overall Duration 



Figure 19 - Cornparison of Dry Mass Reduction 

A quantitative cornparison of the parameters predicted by the adjusted models to those 

observed in the field are provided by the Mean Absolute Percentage Error (MAPE) 

calculation discussed previously. The MAPEs for each of the adjusted models are provided 

in Table 1 1. 

For reasons provided in the discussion of the results. adjusted mode1 12 was chosen to be 

used in further simulations, and will be referred to as the "calibrated rnodef" in d l  further 

discussions. 



Table 11 - MAPE Cdculation for Selection of Calibrated Model 

Mode1 MAPE (%) 
- - 

Duration Dry Mass Reduction Temperature Mean 
- - -  

Theoreticai 12.6 1 22-65 3.1 1 12.79 

Adjusted 1 6.34 43.22 2.83 1 7.46 

Adjusted 2 7.24 8.56 2.77 6.19 

Adjusted 3 6.07 9.82 2.46 6.12 

Adjusted 4 13.61 22.56 3.13 13.2 

Adjusted 5 5.88 32.57 2.82 1 3 -76 

Adjusted 6 8.78 1-75 2.84 4.57 

Adjusted 7 6.67 11.4 2.53 6.87 

Adjusted 8 14.29 23.13 3 -22 l 3.54 

Adjusted 9 6.79 23.10 2.82 10.90 

Adjusted 10 9.65 4.08 2.87 5.53 

Adjusted I 1 7.26 13.16 2.52 7.65 

Adjusted 12 4.95 3.89 2.7 1 3.85 

3.3.2 Model Verification 

To verify that the calibrated mode1 was able to simulate other batches, it was tested with data 

from the remaining batches that were processed between October 1995 and December 1996. 

Input parameten were used from the field data where available. A sumrnary of mode1 inputs 

and sarnple calculations are provided in Appendix B. 

The ambient temperature is important in these simulations because of its influence on 

cooling efficiency. The ambient temperature is not recorded by the reactor control system, 

therefore when setting up the input parameters for each of the nim. an ambient temperature 



consistent with seasonal expectations was selected. 

The mode1 accounts for daily temperature variations by a sinusoidal ambient ternperature 

profile. The ambient temperature which is input to the mode1 is the peak temperature of the 

daily profile. Peak daily temperatures were based on seasonal approximations for Southern 

Ontario. The ambient temperatures used for each batch are outlined in Table 12. 

Table 12 - Ambient Input Temperatures 

Batch ID Start Date; Ambienr Temperature (K) 

The comparative results of each of these simulated batches are outlined in Table 1 3. Figures 

20 to 25 compare the observed and predicted temperature profiles for the simulations. 

Quantitative cornparison of the observed versus predicted temperature profile. dry m a s  

reduction and overall duration for each simulated batch are provided in the form of Mean 

Absolute Percentage Error (MAPE) in Table 14. Table 15 contains Mean Absolute Error 

(MAE) of the temperature data for each of the process stages and for the entire simulation 



Table 13 - Com~arison of Predicted to Observed Batches 

Table 14 - MAPE Com~arison of Simulated Batches 

Batch 
ID 

1 

MAPE (%) 

Batch Number Dry Mass Final Moisture Process Temperature 
Reduc tion Content Duration Profile 

Observed 

Mass Duration Final Water 
Reduc tion (hl content 
(k&) (%) 

266 1 242 44 

. - 

Predicted 

Mass Duration Final Water 
Reduction (hl content 
(k&) (W 

4199 195 66 
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Figure 20 - Temperature Profile Cornparison. Batch 1 
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Figure 21 - Temperature Profile Cornparison, Batch 3 
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Figure 22 - Tem~erature Profile Corn~arison, Batch 27 
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Figure 23 - Temperature Profile Cornparison, Batch 38 
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Figure 24 - Temperature Profile Comparison, Batch 47 
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Table 15 - Calculated MAEs for Temperature Profiles 

Mean Average Error (KI - . . 

Batch 
Stage 1 Stage 2 Stage 3 Stage 4 Batch Mean 

54 2.8 -.- 3 7 5.3 5.1 3 -9 

*shifted ternpenture profiles are examined in the discussion of results section. 

3.3.3 Simulations of Extreme Conditions 

Another measure of the usefulness of a model is its ability to perform as expected under 

conditions that Vary from those that it was originally designed to operate under. In order to 

test this aspect of the model, four scenarios were selected: 

extreme ambient conditions (high and low) 
very high volatile organic content 
very low volatile organic content 

The parameters used in creating these scenarios were outlined in Table 8. The results of 

these simulations cannot be compared quantitatively since there is no available field data for 

these 'batches'. However, based on knowledge of the composting process. the results of the 

simulations c m  be compared conceptually to what behavior wouid be expected in the 

physical system under these conditions. The simulated temperature. COZ, and O2 

concentration, and mass reduction profiles are illustrated in Figures 26 through 29. 
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Figure 27 - Reactor Environment Profiles. Low Ambient Temperature 
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Figure 28 - Reactor Environment Profiles, High Fast Degrader Content 
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Figure 29 - Reactor Environment Profiles, High Slow Degrader Content 



3.4 Discussion of Modelling Results 

In order to select a cdibnted model. each of the 12 adjusted models were compared based 

on their ability to approximate the observed data. Indicators that were the basis of 

comparison between the predicted and measured results were temperature profile. mass 

reduction and phase duration Temperature profile cornparisons were shown in Figures 5 

through 17. mass reduction was cornpared in Figure 19 and an overall duration comparison 

was shown in Figure 18. 

To provide an overall quantitative measure of the ability of each of the adjusted models to 

predict these parameten. the Mean Average Percentage Error values are compared in Table 

I 1. It c m  be seen in Table 1 1 that Adjusted Mode1 12 provides the most acceptable overail 

fit between predicted and observed data. Based on this. Adjusted model 12 was selected as 

the cdibrated model and used in al1 further simulations . 

ln order to compare the performance of the cdibrated model to the results observed for rhe 

remaining batches. each of the 'performance parameters' is discussed individually. 

3.4.1 Temperature Profde 

Heat generation is a key indicator of biological activity that cm be related to rate of 

degradation. As well, the ability to model the highly controlled aeration system is strongly 

indicated by the predicted and observed temperature profiles. Based on this, the closeness 



of the fit between the predicted and observed temperature profiles are perhaps the best 

indicator of the ability of the model to simulate the physical system. 

A quantitative rneasure of fit between the observed and predicted data is the Mean Absolute 

Error (MAE), given in Table 1 5. The ability of the model to predict the observed data c m  

aiso be examined qualitativeiy by comparison of the predicted and observed temperature 

profiles. Examination of the Figures 20 through 25 provide a good illustration of this 

comparison. 

The MAE values for each Phase give the average error, in absolute tems. between the 

observed and predicted temperature at each point. The absolute error was then averaged over 

the Phase, allowing determination of which batches, and which phases, have the greatest 

error associated with them. 

Shown in Figures 20 and 2 1, the temperature profiles for Batches 1 & 3 illustrate some 

agreement in generai shape between their observed and predicted temperature profiles. A 

large source of discrepancy in these two simulations is due to the fact that in both cases the 

physical system was not operating properly. and that Phase 2 was allowed to continue rnuch 

longer than the prescnbed 48 hours. In Batches 1 and 3, the second phases were 84 hours 

and 1 12 hours long, respectively. It cm be seen from examination of the Figures 20 and 2 1, 

and from the MAE values reported for the 'shifted' temperature profiles, that excellent 

agreement is obtained between the profiles if the 'extension' of Phase 2 is discounted. 



Examination of Figure 22 shows that the temperature profiles descnbed by the model and 

the physical system are similar in that they both had difficulty maintaining the temperature 

setpoint in Phase 2. However. cornparison of the rate of temperature changes in Phases 1 and 

4 does not indicate good agreement for this batch. The differences between the predicted and 

observed temperature profiles appear to indicate more degradation activity in the model than 

in the physical system. This can be attributed to the fact that the model assumes that the 

system is uniformiy rnixed and each particle of substrate is equally available for breakdown. 

It is likely that the physicai system still has areas or 'pockets' of substrate that are not 

degrading due to lack of oxygen. moisture or nutrients. Based on this. the model would seem 

to have more volatile solids available than the physical system. and would still be actively 

degrading and producing heat. This inhibits the cooling in the temperature profile predicted 

by the model. resulting in higher MAE values. 

Examination of the temperature profile for Batch 38 also shows that there are differences 

between the observed and predicted temperatures for Phases I and 4. However, in Phase 

2 the ideal conditions in the model result in very efficient degradation and therefore increased 

heat production. Although this is the case for ail simulations. combined with less efficient 

aeraiion due to high ambient temperature, the difficulty in maintaining the setpoii~t in Phase 

2 is not unexpected. Although the sarne response is expected in the physical system, both 

the temperature profile and the dry mass reduction data indicate that there was much less 

degradation activity in the physicai system than in the simulated system, resulting in lower 

overall heat production. 



It is apparent by looking at Figure 24 that the model has sorne difficulty reaching the setpoint 

temperature of 3 18K in Phase 1. It should be noted that the m a s  of substrate in Batch 47 

is of the order of 35 tonnes. This much larger batch takes longer to warm to the setpoint 

temperature because of the assumption of uniforrnity used in this model. However. when 

higher temperatures are reached. the degradation proceeds rapidly. The production of CO2 

associated with this quantity of mass reduction is quite hi&. For this reason. aeration of the 

reactor is almost continual and setpoint temperatures are hard to maintain. Comparison of 

the mode1 predicted data to the measured data for Batch 47 supports this trend. Recdl that 

Batch 47 was removed from the reactor before the end of Phase 3. due to the fact that the 

reactor temperature never reaches the setpoint of 333K. 

Examination of Figure 25 shows the best match between predicted and measured conditions. 

Batch 54 was processed in November, meaning that cool ambient air provided efficient 

cooling of the reactor when required. The processing of Batch 54 also was much later in the 

operation of the field system. when operations were much more stable and the reactor was 

operating as intended. So. it seems that when the control system in the field is operating 

most efficientiy, there is much better correlation between predicted and observed results. 

3.4.2 Comparison of Dry Mass Reduction 

One of the most important measures of the performance of a composting system is dry matter 

reduction. The MAPE values for dry mass reduction. shown in Table 14, were 36.6% and 

49.8%. This indicates that the model was not accurate in predicting the mass reduction over 



the process. Unfortunately, output mass data is only available for two of the batches used 

for simulation. The batches for which output mass data is available are early in the operation 

of the system. when the process was not yet stable. The reason for selection of the Iater 

batches. even though none of them have output data available. is that the system was mnning 

fairly consistently as designed. 

As shown in Table 13, in both cases the reduction predicted was much higher than was 

achieved in the field. As discussed previously in reference to the tempenture profiles. this 

is a result of the fact that the model is based on a number of assumptions that result in 

optimum performance. The reactor itself was modeled as a CFSTR. meaning that it was 

assumed that al1 conditions within the reactor were unifom and a11 contents were uniforrnly 

mixed, including thermal energy, oxygen. moisture and nutrients. In reality, it is likely that 

the field system contains pockets of anaerobic conditions. thermal deactivation, clogging of 

pore space by excessive moisture or compaction. and dry of areas of biomass. In particular. 

the substrate in the Caledon system often had low moisture content and a great deal of 

dumping. These less than ideal conditions would result in a less efficient breakdown of the 

substrate, and were not accounted for in the model. For this reason, it is clear that the mode1 

will over-estimate both the mass reduction and the thermal energy production in the systern. 

3.4.3 Cornparison of Final Moisture Content 

As shown in Table 13, the final moisture content of the substrate is estimated to be higher 

than it was measured in the field. The MAPE values of 50% and 34.5% indicate that the 



model was unable to reliably predict moisture content. This is a result of over-estimation of 

degradation by the model and of differences in the water balance over the field and simulated 

systems. 

In both the field and simulated operation. condensate is collected from the aention air during 

recycling. Both systems then return the condensate to the reactor, but the field system also 

collects leachate through the bottorn of the reactor, and it is not entirely recycled. Originally 

it was intended that this leachate removal be recorded and taken into account in the water 

balance on the system. However. the flow meten that were installed to record this data were 

easily ciogged by the suspended solids in the leachate and had to be removed. 

Readings that were taken when the meters were operational indicate that a range 2-7 m3 of 

leachate accumulated over the cycle. Inclusion of this quantity of removed leachate in 

Batches 1 and 3, which included observed rnoisture content data could account for 90% and 

60% of the excess moisture predicted for batches 1 and 3, respectively. 

3.4.4 Cornparison of Process Duration 

The results shown in Table 13 indicate that the process duration predicted by the model is 

not often in agreement with the observed values. In some cases. the observed duration is 

longer than the predicted, while in others it is shorter. Examination of Table 14 shows a 

variability in agreement between the physical system and the model, with MAPE values 

ranging from 4.2% to 38.1%. However, when examined closely it is apparent that this is 



often due to the fact that the physical system did not consistently follow the control 

guidelines while the mode1 did. As previously discussed. Batches 1 and 3 remain in Phase 

2 of the process for well over the prescribed 48 hours. Inspection of the temperature profile 

for Batch 1. shown in Figure 20. illustrates that the trend of the predicted temperature profile 

is very similar to the measured d a t a  with the exception of this shift of 36 hours. [f we 

discount this extended time, it c m  be seen that the duration of the field system would be 

approximately 206 hours, which is much closer to the predicted length of 195 hours. 

Similariy, for Batch 3. comparing the temperature profiles shows that the profiles are very 

sirnilar with the exception of the shift caused by the extension of phase 2. Again if we 

discount this extension of Phase 2. the measured duration would be approximately 202 

hours, which compares much more favorably to the predicted duration of 210 hours. 

The only other batch which has dificulty predicting process duration is Batch 47. It must 

be noted that Batch 47 was removed from the system at the end of Phase 2, thereby 

shortening its expected duration. If the process were allowed to go to completion. adding in 

Phase 3 and 4 the total duration would be approxirnately 246 hours which is closer to the 

predicted length of 223 hours. 

When considering modelling results, it is important to consider the difficulty of simulating 

a full-scale MSW composting facility. The variability of the substrate between regions is 

significant as are the variations between batches of waste collected from the same location. 

The variability of within substrate pile is also significant, resulting in great difficulties in 



establishing acceptable degradation rates and substrate composition for application in the 

model. For this reason. a model calibnted to a single data set that compares reasonably well 

to other data sets is significant. 

3.5 Extreme Condition Simulations 

The simulations of the extreme conditions as previously mentioned. are discussed 

individually below. The individual parameters used to in these simulations are outlined in 

Table 8. 

3.5.1 High Ambient Temperature (305 K) 

It is clearly illustrated in Figure 26 that when ambient temperatures reach 305 K. the reactor 

has diffîculty rnaintaining setpoint temperatures. In fact. the typical "two-plateaus" that are 

expected with this control system are barely recognizable. The duration of the entire cycle 

becomes much shorter due to faster heating times. 

The C O  and 0 profiles shown in Figure 26 indicate that there is almost continual aeration 

through the system in an attempt to keep it cool. This is indicated by the fact that there are 

very few peaks or oscillations in these profiles. The high temperatures seen here indicate 

accelerated production of COz and consumption of Oz, but continual aenrion maintains these 

constituents at acceptable levels. 

Cornparison of these results with the observed data of batches 27 and 38. that were processed 





35.3 High Levels of Fast-Degrading Volatiles (100%) 

This situation is akin to processing a batch of waste that is almost entirely food waste or 

gras  clippings. The profile produced from this type of input is illustrated in Figure 28. The 

temperature profile shown here indicates that because of the readily available volatile solids 

source. degradation begins npidly and the reactor is unable to maintain the Phase 2 setpoint 

because of ail the thermal energy being generated as a result of degradation. Also shown 

in Figure 28 is a dry mass profile. It can be seen from this profile that the mass reduction 

begins immediately and the mass profile falls smoothly throughout the process. 

3.5.4 Low Levels of Fast-Degrading Volatiles (100% ) 

Shown in Figure 29, the case of very low levels of fast-degrading volatiles could occur if the 

substrates were comprised mostly of lignins, such as papers and woody rnaterials. The 

temperature profile shown in Figure 29 is aimost entirely as expected. The reactor warms 

relatively slowly and has an extremely Rat plateau in Phase 2 at 3 18K. Perhaps most 

surprising in this temperature profile is the slight over-shoot at the commencement of Stage 

3. This is a result of the assumption in the mode1 that the reaction adapts to the available 

sources so that slow-degraders degrade more quickly in Stage 3 than in Stages 1 and 2. Also 

contributing to the over-shoot is the fact that since there has been negligible mass reduction 

to this point in the process, the remaining mass of volatiles is relatively high. Since the 

degradation rate is also mas-dependent, this will contribute to a higher degradation rate. 

The dry mass profile shown in Figure 29 further illustrates this trend. The ievel of 

degradation in Phases 1,2 and 4 are negligible, while an increased mass reduction is shown 



in Phase 3. 

Based on the preceding discussions. it i s apparen ~t that the mode1 is able to simulate the 

system reasonably well. and provides the response that is expected in the physical system 

when used to sirnulate alternative or extreme conditions. 



4.0 COMPOST QUALITY 

The prîmary goal of a MSW composting facility is to transform waste into a useable soi1 

amendment. For this reason, the quality of the end-product including nutrient value. metals 

and moisture content. is extremely important. To obtain the MOEE Cenificate of Approval 

for the MSW composting facility located at Caledon Sanitary LandfiIl. a determination of 

compost quaii ty was required. 

Samples of inbound. outbound and mature compost were collected and analyzed in-house 

by the Caledon Sanitary LandfiIl and the results are surnrnarized in Tables 16a and 16b. The 

inbound sampies were collected for the entire day at less than one hour intervals at the end 

of the loading conveyor. These sarnples were then mixed and quartered to promote 

homogeneity. The outbound waste was sampled in the sarne manner. A total of ten samples 

were collected a regular intervals as the biocell was unloaded. The mature. screened compost 

samples were collected from the windrows using the composite sampling procedure 

developed by Otten and Halet ( 1995). Analysis was perforrned for heavy metals. nutrients. 

minerals and contaminants by Zenon Environmental Laboratories (October 3. 1995 - 

November 28. 1995); Novarnann International (January 9. 1996 - November 14. 1996), and 

Canviro Analytical Laboratories (December 4, 1996 - January 28. 1997). Further detail 

regarding analytical rnethods and results c m  be found in the report authored by Otten ( 1998). 

The results and findings of the report were submitted to the MOEE on June 24b 1995 and 



are summarized here for completeness. 

Table 16a - Statisticai Summary of al1 samples submitted for analysis 

COMPOSITION INBOUND OUTBOUND COMPOST .MOEE 
PARAMETERS N -4VE STD N AVE STD 

METALS (ppm) 
Aluminum 
Arsenic 
Barium 
Beryllium 
Boron 
Cadmium 
C hromium 
Co bal t 
C ~ P P  
fron 
Lead 
Manganese 
Mercury 
Molybdenum 
Nickel 
Seleniurn 
Silicon 
Silver 
Sodium 
Strontium 
Thallium 
Tin 
Ti tanium 
Vanadium 
Zinc 
Zirconium 
N.D. Not dctcctcd st a rncchod deftcuon limr of 3.2 n m o ~ g m n  



Table 16b - Statistical Surnrnary of dl samples submitted for analysis (cont.) 

COMPOSfTION INBOUND OUTBOUND COMPOST MOEE 
PARAMETERS N AVE STD N AVE STD 

NUTRDENTS (9% d h )  
Total Carbon 
Total Nitrogen 
U N  Ratio 

MINERALS (9% d.b.) 
Calcium 
Magnesiurn 
Phosphorus 
Potassium 
Sulphur 

SALINITY 
SAR (ppm) 
Conductivity ( mSIcm) 
Chlorides (ppm) 
Sulphates (ppm) 

OTHER 
Ash (% d-b.) 
Organic Matter (% d. b.) 
Moisture Content (% W. b.) 
pH (20 OC ) 
WHC (9% d-b.) 

CONTAMINANTS 
PIastics (% d.b.) 
Oiher Inen (% d.b.) 
Total PCBs (ppm) 

11.2 
0.52 
21.5 

5.9 
1.2 

0.18 
0.40 

3.7 
4.5 
1860 
340 

85 
17 

8.1 
61 

< 1 
c 1 
N.D. 

N.D. Not dctcctcd at a methoci dctection linut of 3.7 nanogrunslgriun 

The findings of the report include the following: 

a Heavy metai concentrations in the inbound and outbound waste were well within the 
acceptable guidelines given by the MOEE, with few exceptions 

a Heavy metal concentrations in the cured compost, shown in the second last column 
of Tabie 16. were al1 well below MOEE guidelines 

O C/N ratio and moisnire content were typically in the optimum range for efficient 
high-rate degradation 

Otten (1995) concludes that sarnpling and anaiysis should be undertaken every two months 



as required by MOEE guidelines unless significant changes are observed in the inbound 

waste or the malytical results. It was also recomrnended that the matured. screened compost 

be sampled every 500 tonnes. These recomrnendations were approved by the MOEE and the 

Cenificate of Approval was extended. 



5.0 EMISSIONS MONITORING 

An odour emission test program was developed to comply with Section 5 of the Certificate 

of Approval (Number 8-3386-94-006) issued for the MSW facility located at Caledon 

Sanitary Landfill. 

The source testing program consisted of two techniques. The first involved the use of a 

qualified odour panel. These tests were conducted in November 1995 by Ortech Corporation 

and the report was submitted to the Region of Peel in lanuary 1996. The second technique 

involved the analytical measurement of dimethyl sulphide (DMS) and dimethyl disulphide 

(DMDS) concentrations in the exhaust Stream. The rationale for this test is the fact that these 

two compounds are dways present in composting off-gases when odour problems are 

observed. Therefore it is thought that these compounds could be used as indicator 

compounds to measure potential odour problems. The major potential benefit of this rnethod 

would be to dlow continuous monitoring of the odour compounds by using an on-line 

chromatograph as part of the composting process control system. eliminating the need for 

expensive odour panel testing. 

The objectives of the analytical monitoring program are as follows: 

(1) develop a protocol for sampling and analysis of the exhaust Stream: and 

(2) determine if significant odours are being produced at the Caledon site 



5.1 Methodology . 

For this study. a methodology was developed for sample collection and analysis. Some 

additional analyses were also performed to improve confidence in the results. These 

different aspects of the study are described below. 

5.1.1 Sarnpling Protocol 

Sampfes were to be coilected and analyzed approximately monthly for one year. Sarnpies 

were collected at the initiation of the fourth phase of the composting cycle. This particular 

time was selected because phase four is the transition frorn high-rate degradation to the 

coolingldrying phase pnor to unloading of the digesten. It is the only phase during which 

there is any significant exhaust to the atmosphere, and it was determined that this part of the 

process presents the greatest risk of odour problems. 

5.1.2 Sample Collection 

The gas samples were taken frorn sarnple pons drilled in the stack of the biofilters. These 

pons are located 0.5m upstream of the nearesr disturbance in accordance with Ministry of 

Environment and Energy (MOEE) regulations for air sarnpiing. The sample. drawn by an 

AirCheckm sample pump at a rate of 2.5 litreshninute. was bubbled through an impinger of 

phosphoric acid desiccant and a moisture trap before collection in a TedIar" bag. Two 5 

L Tedlar bags were filled from each sarnple location. nameiy. after the biofilter, before the 

biofilter but after the condenser. and before the condenser. The bags were kept cool and in 

darkness while being transported to the laboratory at the University of Guelph for analysis. 



5.13 Sarnple Analysis 

The off-gas samples collected at the site were analyzed on an S W  Gas Chromatograph 

(GC) equipped with a Photo-Ionization Detector (PD) immediately upon return to the 

Iaboratory. The complete set of samples were anaiyzed within 6 hours of collection. 

Chrornatography is a method for separation of closely related compounds. Samples must 

either be in gaseous fom. or vaporized before passing into the sample colurnn. The sample 

is carried by an inert 'carrier gas' through a rigid packed column. The affinity of each of the 

compounds for the packing material varies and results in different rates of passage for each 

compound through the column. When the compound emerges from the column, it is detected 

in this case by a Photo-Ionization Detector (PID). The PID operates by ionization of the gas 

with uttraviolet radiation. The current flow between the two detection electrodes is caused 

by this ionization, and gives a 'peak' on the chrornatograph whose area is related to the 

quantity of the compound vaporized. The GC-PD settings used in this study are detailed in 

Table 17. 

Table 17 - GC-PD Settings 
Parameter Setting 

Column Type 

Column FLOW Rate 
Column Temperature 

Carrier Gas 
Injector Temperature 
P D  Lamp Current 
Run Time 

Supelco SPB- 1, length: 15 rn 
internai diameter: 0.53 mm 
5.0 m U m i n  
323K for O - 2 minutes. Ramp to 353K at 
20KIminute 
üitra High Purity HeIium 
373K 
85 a m p s  
5.0 minutes 



Fresh gas standards were prepared for each sampling event. The standards were prepared by 

dissolution of known concentrations of liquid DMS and DMDS in liquid methanol. The 

appropriate quantity of this mixture was then injected into a 5.0 litre Tedlar bag filled with 

nitrogen to make target gas concentrations of O. 1.0.5, 1.5 and 10 ppm (by volume) of DMS 

and DMDS. 

Calibration lines were constructed from the resulting peak areas from each of the standards. 

The typical calibration curve in Figure 30 shows that the relationship between the 

concentrations and peak areas are not linear over the entire range. For this reason. a 

regression anaiysis was applied to each of the linear segments to yield a more accurate 

relationship between peak area and concentration within each range. The ranges selected 

were 04.5 ppm, 0.5- 1 .O ppm and 1-5 ppm. The regression results are found in Appendix D. 

Calibration Lines (DMS/DMDS) 
December 1 1. 1996 

O 1 2 3 4 5 
Concentration (ppm) 

Figure 30 - Sarnple Calibration Lines 



5.1.4 Limits of Detection/Limits of Quantification 

Laboratory analysis is limited by the accuracy of the analytical equiprnent. For this reason. 

when reponing low concentration anaiysis data. it is also normal to report the limits of 

detection (LOD) and limits of quantification (LOQ). In essence. the LOD is the amount that 

is considered to be statistically different from a blank and is typically determined by the 

sensitivity of the analytical equipment. in this case the GC-PD. Often, the LOD is set at 

three times the standard deviation (SD) greater than the mean of the blank. Typicaily the 

background noise associated with a blank is normally distnbuted. and three SDs results in 

>99.8% confidence that a value measured above the LOD is not due to background noise. 

In the case where the noise in the blank is not normally distnbuted. the confidence is still 

>89% (Kuehl, 1994: Solomon, 1995). 

The LOQ is the srnailest concentration which can be assigned a numericai value with 

confidence. This value is greater than the LOD and depends on the precision of the 

analytical method. It is recomrnended that the LOQ is taken to be ten times the standard 

deviation greater than the mean of the blank. 

Values below the LOD or LOQ are still included in reported results. In practice, responses 

below the LOD are reported as 'not detected' (ND). Values between the LOD and the LOQ 

can be reported as numerical values, but should be marked with LOD in parentheses. This 

will indicate that a response is observed and measurable, but confident quantification is not 

possible (Solomon, 1995). 



5.15 Additionai Analyses 

Some additional analyses were performed to confirm that the results of the sampling and 

analysis were reliable. The first was the use of a Mass Spectrometer (MS) to determine if 

DMS and DMDS were actually present in the samples. The second was a simple test to 

determine that the desiccant used did not remove the contaninants from the sample before 

anaiysis. 

Mass Spectral Analvsis 

Gas Chromatography is a useful method of determining the quantity of a particular 

compound that is known to be present in a sample. Constituents are separated in the GC 

based on their residence time in the column. Of concem is the possibility that two different 

compounds may have the sarne residence tirne. If this were to occur, there is the possibility 

that another compound in the sarnple will give a peak which is mistakenly assumed to be the 

compound of interest. 

In order to confirm that DMS and DiMDS were in fact present in the samples. a mass 

spectrometer (MS) was used. MS analysis is based upon the mass of the contaminant and 

the sequence in which the molecule breaks apart or fragments when energized. Each 

molecule, because of its individual stnicture and bonds. has a distinctive 'fragmentation 

pattern' which allows much more positive identification than GC analysis. Once the 

presence of the molecule of interest is confirmed. the GC results become more reliable. 



Desiccant Tests 

The use of a desiccant 1s cornmon for removal of water vapour from sample streams. There 

are a number of liquid desiccants which are commonly used, including calcium chloride, 

diethylene glycol. glycerol. lithium chloride, phosphoric acid. sodium and potassium 

hydroxides. sulfunc acid and triethylene glycol (Lodge. 1988). in this case, phosphoric acid 

was chosen as the most appropriate desiccant due to its convenience. lower operating 

temperature range and ability to reduce rnoisture content to a relative humidity within 5-20%. 

One of the concerns with the use of a desiccant is the possibility that the compounds of 

interest may be stripped when bubbling the gas Stream through the desiccant. This was of 

particular concem in this study because of the affinity shown by DMS and DMDS for 

sorption to other materials. In order to ensure that this was not the case, a known 

concentration of 10 pprn was prepared in a Tedlar bag and passed through the phosphoric 

acid into a clean Tedlar bag. Both of these bags were then analyzed on the GC to determine 

the magnitude of losses. 

5.2 Emissions Monitoring Results 

The experimental LOD and LOQ values for DMS and DMDS are reported in Table 18. 

These are calculated from the standard deviation and the mean peak areas resuiting from 

blank samples. The peak areas are converted to a concentration with the calibration equation, 

fomulated from standard runs. It should be noted that since the LOD and LOQ concentration 

values are calculated using the calibration equations. they Vary with each sampling event. 



The values reported are the average for al1 sampling dates. Calculations are shown in 

Appendix D. 

Table 18 - Analytical Lirnits 
Peak Area Concentrations 

Compound 
LOD LOQ LOD LOQ 

Dimethyl Disiilphide 7.86 27.9 O. 127 0.462 
- - 

Average values over al1 sampling events 

5.2.1 Phase 4 Odour Sampling 

The DMS and DMDS concentrations determined on each of the sampling dates are presented 

in Table 19. Sample calculations are provided in Appendix D and graphical representation 

of this data is provided in Appendix E. 

Table 19 - Phase 4 Sampling Results 
Pre-Biofdter Concentration Post-Biofdter Concentration 

Sampling Date (cl&) 

DMS DMDS DMS DMDS 

November 8. 1995 

January 29. 1996 

February 20. 1996 

March 27. 1996 ND ND ND ND 

May 21, 1996 O. 175' ND O. 129' ND 

July 29, 1996 3.12 O. 196' 0.734 0.058' 

September 10, 1996 0.607 0.462 ND 0.308' 

December 12, 1996 0.089' 0.058' 0.053' 0.1 12' 
hdicates values below LOD 'Indicates below LOQ. 



5.2.2 Distributed Sampling 

in order to confirm the assumption that Phase 4 presenü the greatest risk of odour problems, 

sarnples were taken from both phases 3 and 4 on December 9 to 12, 1996. Results of this 

sarnpling are shown in Table 20. 

Table 20 - Distnbuted Sarnpling Results 
Pre-Fdter Concentration Post-Fiter 

Phase (ci@) Concentration 

DMS DMDS DMS DMDS 

Initiation Stage 3 0.032' 0.008' O O 

Midale Stage 3 0.2 12 0.177 O. 14 0.00 1 ' 
Conclusion Stage 3 0.04 1 ' 0.0 14' 0.007' 0.0 15' 

Initiation Stage 4 0.035' 0.0 15' 0.02 1 ' 0.029' 

'Indicates below LOQ 

5.23 Mass Spectral Analysis 

The mass spectral analysis confirmed the presence of approximately 27 distinct compound 

in both the pre- and post-filter samples taken September 10. 1996. The presence of DMDS 

was confirmed to 83% quality. but DMS was not identified in the sample. 

5.2.4 Desiccact Test 

The results of the desiccant test are shown in Table 2 1. 



Table 21 - Results of Desiccant Tests 
Source Peak Area Concentration Percent Loss 

(ci&) (Concentration) 

DMS DMDS DMS DMDS DMS DMDS 
--- 

Known Standard 3469.48 9522.98 10 1 O 

Desiccated 3079.3 8064.2 9.7 8.5 3.070 15.0% 

5.3 Discussion of Emissions Monitoring Results 

The results of the MS analysis shows that DMDS was present in the exhaust gases. The lack 

of identification of DMS by the MS could be due to limits of the column used in the MS 

itself. It should be noted that the samples used for the MS tests were taken on September 10. 

1996 when the GC-measured post-filter DMS concentrations were quite low. This, 

combined with the fact that the LOD is higher in GC anaiysis for DMS than DMDS, could 

readily explain why it was not detected by the MS analysis. 

The mass losses of DMS and DMDS due CO the phosphonc acid desiccant are 3% and 15%. 

respectively. Variations up to 2 0 8  are often observed in GC anaiysis. therefore it  is still 

possible to say thar the desiccant did not interfere with the results of the study. 

The decision to sarnple consistently at the initiation of Phase 4 may appear to be in doubt 

when examining the distributed sarnpling results because the highest pre-filter concentrations 

of DMS and DMDS were observed approximately 25 houn into phase 3. However. it 

should be noted again that the release of exhaust gases to the atmosphere is very intermittent 

in Phase 3. Since this is a heating phase, the system may exhaust intemittently, for very 

84 



short periods. to decrease CO2 concentration but the rate of exhaust is only of the order of 

50 m3/h. At DMS and DMDS concentrations of this magnitude (< OSppm). odour problems 

are unlikely. The reason for examining Phase 4 samples more closely is that the exhaust 

arnounts to 1000-1500 m3/h for 36 hours. At this rate. the amount of DMS and DMDS 

emitted is of greater concem. It should also be noted that the Phase 4 samples were collected 

at the initiation of the phase. when the reactor first begins exhausting. It is reaiistic to 

assume ihat at this time. odours would be at their peak for this stage. 

The results of Phase 4 sampling show that the concentrations of DMS and DMDS were in 

a number of cases below the quantification limit. and in other cases below the detection limit. 

To discem the potential for odour problems, it is necessary to compare these findings with 

published values for minimum requirements for human detection. This information is 

contained in Table 3 and shows that the odour thresholds for DMS aiid DMDS are 0.051 

pg/L and 0.346 pg/L. respectively. Of the reported values from the Caledon facility. the 

vaiues that are the most important are the post-filter values. The post-filter sarnples represent 

what is actually being released to the atmosphere. When considering the post-filter 

concentrations reported for this study, it is apparent that al1 of the post-fiiter reported values 

for DMDS are below the human detection lirnit. There were some instances where the post- 

filter DMS concentrations exceeded this lirnit. most notably on July 29. 1996 when the 

concentration reached 0.734 p g L  This might initially appear to be cause for concem. 

however it should 

0.23m in diameter. 

be noted that the samples were taken from the exhaust stack which is 

The rapid dilution achieved upon release from the stack would cause this 



concentration to be reduced below the odour threshold of 0.05 pg/L long before the exhaust 

reached the nearest point of impingement. 

The cases when the post-filter concentration of DMS was notably p a t e r  than the minimum 

detection limit occurred on Juiy 29. 1996 and November 8. 1995. This is in line with 

expectations. as odours are typically more significant in the summer and fa11 months at 

composting facilities because of the higher proportion of grasses and Ieaves in the feedstock. 

(Haug, 1993). Cornparison of these results to the odour panel tests supports this finding. 

The odour panel results. from testing of samples taken November 8. 1995. showed that 

nuisance odoun were unlikely to occur. Also included in the report were dispersion 

calculations indicating that threshold dilution (ED,,) is likely to be reached within 45 metres 

of the source. after which there is unlikely to be occurrence of complaints. 



6.0 CONCLUSIONS AND RECOMMENDATIONS 

Based on the preceding studies, the following conclusions and recomrnendations arise. 

6.1 System Modelling Study 

The model developed and tested in this study shows potential to simulate actual field scale 

operations of the fully-automated Herhof Reactor System. When compared to the physical 

system in the field, the rnodel usually exhibits the same trends and responses. For this 

reason, with sorne improvements. it will be a useful tool in approximating the response of 

the system to various inputs and conditions. 

When tested with variable conditions such as extreme ambient temperatures and volatile 

solids availability, the model also exhibited the response expected. Based on the simulations 

performed. it is apparent that use of a Herhof System in particularly hot or cold climates 

could require cooling or warming of the aeration air, respectively. 

The major limitations of the model include the exclusion of a pore-space correction factor 

and the lack of field data for determining appropriate degradation factors. The uncertainty 

of the degradation factors are illustrated by over-estimation of mass reduction exhibited by 

the model, which in turn results in overestimation of thermal energy, water and COz 

production. 

By incorporating air space, the response of the system to moisture saturation could be 



observed- b should be noted that in this case leachate removal was not incorporated into the 

model and as a result. moisture contents predicted by the model are much higher than those 

observed in the field. Based on this, inclusion of a pore-space or moisture correction factor 

would also result in artificially low degradation rates that would not compare to the field 

data. So, if a pore space/moisture correction factor were included, the leachate removal 

would dso have to be included to allow realistic comparison to field data. 

For better comparison between the model and the physical system. more field data is 

required. Both input and exit masses and volatile solids analyses would allow more 

confident comparison of predicted to measured results. Data regarding the fractional 

components of different batches would allow the use of the multiple subsrrate capabilities 

of the model. This could account for faster and slower degrading fractions at a more 

cornplex ievel than cm be included when the substrate is considered homogeneous. 

6.2 Odour Emissions Study 

Based on the analytical findings, odour problems are of little concem with the Herhof 

BiocellsTM at the Caiedon Sanitary Landfill. Measured concentrations of odour-causing 

DMDS are typically below human detection lirnits even before release from the exhaust 

stack. The DMS concentrations are higher than the detection limit in sorne cases, but 

atmospheric dilution would result in concentrations below the detection threshold before 

moving off-site. These findings are supported by the odour panel iesting that was performed 

by Ortech Corporation. 



It is noted that if odour problems occur. they are more likely to occur in the summer or fa11 

months due to the change in feedstock. For this reason. it is recomrnended that the emissions 

be monitored more closely at these tirnes. if odours problems are identified. manipulation 

of component proportions by inclusion of more slow-degrading componenrs or second-run 

compost could be considered- 

The results of this study are slightly limited by the detection capability of the equipment. 

The Lirnit of Quantification is below the odour detection threshold and therefore confidence 

in the accuracy of the exact value of measured concentrations is limited. For confidence in 

exact concentration values. more sensitive analytical equipment would be required. The 

findings presented here are an approximation of the potential odour problems associated with 

this facility. 

The concentrations observed here are Iow enough that we can conclude that they would not 

be a problem off-site. However. knowledge of the dispersion characteristics of the sire 

would also be helpful in detemining what concentrations would cause off-site problems. It 

is conservative to assume that the concentration of the compounds will be diluted by an order 

of magnitude within lOûûm of release (Heagy, 1998), but if an on-line monitoring system 

is used it is recomrnended that approximate dispersion calculations are used to determine the 

maximum acceptable concentration that c m  be released from the stack. The results provided 

here indicate that an on-line monitoring system would be a useful addition to the control 

system to provide warning of potential ernissions problerns. 
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APPENDIX A - Schematic of a Herhof Biocell 





APPENDIX B - Sarnple Calculations: Degndation Mode1 



SAMPLE DATA: BATCH I 

Field Data 

Parameter Input Value Output Value 

Date processed October 5th. 1995 34988 

Mass (kg) 25 120 15330 

Moisture Content (%) 62.68 44.19 

Moisture (kg) 15745 6774 

Mode1 Input Data 

'Substrate 1 Characteristics Value 

Carbon Content (mole fraction) 18 

Oxygen Content (rnass fraction) 8 

Nitrogen Content (mass fraction) 1.3 

Hydrogen Content (mass fraction) 24 

Rate Constant (h-') 

Specific Heat (solids) (kcaikg-K) 

Volatile Solids ( m a s  fraction) 0.45 

Fast Degrading volatiles (fraction of total volatiles) 0.3 

Heat of Combustion of Substrate 1 (kl/kg) 1 500 

S ystem Parameters 

Condenser OutIet temperature (K) 

Temperanire Setpoint (phase 2) (K) 

Temperature Setpoint (phase 3) (K) 

CO, setpoint (mass %) 

Ambient Conditions 

Peak Daily Temperature (K) 288 

Approximate Relative Hurnidity (%) 50 
*OnIy one substrate is uscd CO simulate the a n s  at Caledon Sanicary LandfiIl. The mode1 currently cm process up to 
three subsuates. and is easily modified to handle more. For cach additional substrate. the substnte characferisucs must 
be provideci as for Substrate 1. 



SAMPLE CALCULATIONS 

1. Calculate Molar Weight of Substrate: 

w x ~ ~ ~ ~ r a r c  1 = MFc* 12.01 1 15 + MFH* 1 .O0797 + MFo * 15.994 + MFN* 14.0067 

M Y A m r n t r  i = 18*12.01115 + 24*1.00797 - 8*15.994 - 1.3*14.0067 

2. Calculate Generation/Consumption Factors 

The other generation/consumption factors are calculated in the sarne manner: 



2.04932 kgo - 0.05727 kg,, - 1.5748 kg, 
- - - = 0.53179 [ kgdm guses 

%y JUCS 

kgvs ûrgruâed 
1 

degruâcd 

Note: For multiple substrates. generation and consumption factors are calculated for each 
substnte based on its stoichiometnc composition. 

3. Calculate arnbient conditions. 

Saturated Vapour Pressure of Ambient Air is calculated from: 

Assuming standard atmosphenc pressure, the humidity ratio of the ambient air can be 
calculated from (Treybal, 1980): 

- 0.622 * VP, *RHumbiCnt [ kgwuCr vapur 
Yc~nbienr - 10 1.325 - VPs * RHdicn, 

1 
kg,, uir 



The specific volume of water vapour 
calculated b y: 

in the air is also a function of temperature and is 

1 

Calculate Enthalpy of removed condensate based on the condenser exit temperature of 
333K. 

4. Set starting conditions for the simulation. 

The inlet air conditions are set to the ambient conditions for the first time step. The outlet 
air conditions are calculated as above. using the reactor temperature instead of ambient. 
The mass flow nies are required for the dry air and warer vapour portions of the aeration 
air. initially, the aeration air is ambient. and the inlet mass flow rates are calculated by: 



5. Calculate su bstrate components 

Mass of Dy Solids = MbVet *Solids content 

= 25 120 tO.477 = 1 1982.24 kg 

Mass of Volatile Solids = MW * Solids content * Fraction vr 

= 2512O*O.477 ~0.45 = 5392 kg 

Mass of Fast Degrading Solids = MW,, *Solids content *Fraction, - Fractionf,, 

Calculate the approximate starting volume of each of the components (solid, water. air) 

101 



MW,, * ( 1 - Solids content) y,, = 
1000 

[m 3~ 

6. Calculations for each timestep*: 
'note: a one-hour timestep is used here to simpiify sample calculations. 

I .  Calculate degradation rate: 



. . 
il. Calculate Change in volatile solids 

A V S ~  = k4*(MW) *At 

Avs,,, = 0.0017*1617.6 = 2.75 kg 

. .. 
111. Calculate mass of volatiles for next timestep* 

iv. Calculate water balance 

Note chat for the first itention the reacior temperature is considered to bc ambient. therefore the humidity ratios are the 
s a m t .  



v. Cdculate new reactor temperature 

vi. Calculate new outlet humidity ratio: 

Cdculated in the same rnethod as shown in (3) above. the outlet ratio is calculated to be: 

Saturated Vapour Pressure of Ambient Air is caiculated from: 

Assurning saturation and standard atmospheric pressure in the reactor. the humidity ratio 
of the reactor air c m  be calculated from (Treybal. 1980): 



vii. Calculate concentrations of CO,. NH, and 0: in the headspace: 

First. calculate the partial pressure of CO2 in the headspace for Henry's Law calculation. 

Mass of CO2 in the headspace at the beginning of the timestep: 

Cdculate number of moles of CO, 

Calculate Partial Pressure of CO2 

Assuming equilibrium between the gas and aqueous phases, use Henry's Law to calculate 



Aqueous Phase concentration of COz 

Calculate new concentration of CO2 in the headspace. 

'Note: The calculated values here are unrealistic due to the use of the 1 hour timestep for 
the sample calcuiation. 

viii. MI, generation and O2 depletion are calculated in the same manner. 
ix. The concentration CO2 in the headspace is cdculated as a percent of the total mass 

of gases for the purpose of maintaining the setpoint. 

Note: When the system is "recycling" aeration air. inlet concentrations are the same as outlet 
concentrations (with the exception of the recycied air. which is saturated at the condenser 
exit temperature). When the system is using ambient air. the inlet concentrations are set to 
ambient. 



APPENDIX C - Degradation Mode1 Cornputer Code 



#include <c:\devstud\Vc\include\mathth h> 
#inchde ~c:\devstud\Vc~includektdio.h> 
#inchde "vs1am.h" 
Mefine MAX-CHAR 100 

//function declmtions 
void AERATE/double. double. double. double); 
void RECYCLE(double. double); 
void RATE-CALCO; 
void STAGE-CALCS 0; 
void CALC-H 0; 
FlLE *fp; 

//declare variables from input m y s :  

//input variab Ies 
double wwt 1, wwt2, wwd: //wet weight of substntes 
double SC 1. sc2, sc3; //soIids content of substrates(fraction) 
double vsf 1. vst2, vst3; //volatile solids fraction 
double fastfrac. slowfnc: //fast and slow degrading fractions 
//constant parameters 
double hvw: //heat of vapourization of water 
double ddk; //degradation coefficient (25 degrees c) 
double ht 1 .ht2.ht3; //heat of combustion for substrates 
double Cs.Cw.Cg; //Specific heats for solid, water and dry gases 
double Vr.Va. Vw, Vs. denswc: //volume of air. water and dry sotids in system 
double MOLAIR, Hc. WCOZa, wttotd; //moles of air, Henry's, total mass of pases 
double TSETI, TSET3, C02SET, Endtime; 
double diam area, V 1; Ildiameter and area of recycle piping and vleocity of airfiow into condenser - for 
condloss calculation 

//characreristics of substrate: 
double MOLWTI, MOLWT2. MOLWTLJ; //molar mass of substrates 
double 02FACT1, C02FACT1, WATFACT1. NH3FACTl. DGASFACTI ; //multiplication tactors for 
determining production of gaseous consituents 
double 02FACT2, C02FACT2, WATFACT2. NH3FACT2. DGASFAm; 
double 02FACT'3. C02FACT3, WATFACn. NH3FACT3. DGASFACT3; 
double DVS 1, DVSS, DVS3; Ilchange in volatile solids over time - subsuate 1. 2, 3 

//reactor conditions 
double dTavg ; //average temperature in reac tor 
double dVPCo2; //volurne percent of CO2 in outlet air Stream 
double dQair; //volumetric flowrate of aeration air 
double Yi,Yo, Yol, mdot-al; //ifluent and output absolute hurnidity and mass flowrate of the gas suem 
double rndot-a, mdota-am, dot-t ;  //rnass flowrates of air, arnbient air. water vapour and total gas fiow 
double Hw, Hl, H2; //enthdpy of gas Stream (H 1 is into condenser and H2 is out of condenser) 
double CONDLOSS; //condenser losses KJ/h 
double Ti; //temperature of incoming aeration air 
double Vpso, Vpsi; IIsaturated vapour pressure of outlet air 
double MC02, MOLC02, PPC02; //Mass. moles and partial pressure of CO2 in headspace 
double wto2, wtco2, wtn2, CON2; //weight of 02 ,  C02,  and N2 



double volo2. voIco2, voln2. volh2o. voltot; //volurnes of gaseous consitutents 
double S tg i Tirne. Stg2Time. S tg3Time. S tg3 wtime. Stg4Time. S tg3Phs; //lime serpoints for stages 

Ilsuitic char settingl l O] = "setting"; Ilsetting indicator - is it aerating or recycling for bis timestep.?'?? 

//ambient conditions 
double dTamb; //Ambien[ temperature 
doubIe dRfIamb; //relative humidity of mbient  air 
double VspAMB.VpAMB; //satunted and unsaturated vapour pressure of ambient 
double Yarnb,Vv; //absolute humidity, and specific volume of water vapour at arnbient conditions 
double C02IN. C020UT. OZIN, 020UT, Tco: //inlet and outlet conc'n of CO2 and 02. temperature at 
condenser outlet 

BOOL SWFüNC iNTLC(UZNT uiRun) 
//calculates initiai conditions before each new simulation 

( 
BOOL bcontinue = T'RUE; 
Ildeclare variabtes chat are oniy used for initial calcs. 
double dTs: //input temperature of substrate 
double dccl. dcc2. dcc3; //carbon content of substrates 
double dnc 1, dnc2. dnc3: //nitrogen content of substrates 
double doc 1, doc2, doc3; //oxygen content of substrates 
double dhc 1, dhc2, dhc3: Ihydrogen content of substrates 

/* set experiment parameters */ 

I 
/*definhg which parameters are stored where. The values of each of these 

parameters are set in the conuol program */ 
wwt 1 = XXCI); //wet weight of substrate 1 (Kg) 
SC 1 = XX[2]; //solids content of substrate 1 
vsfl = XX[3]; //votatiIe soli& fraction of substnte 1 
dTs = XX[4]; 
dccl = =[SI; 
docl = XX[6]; 
dncl = XX[7]; 
dhcl = XXIS]; 
dRHamb = XX[9]; //(-) 
dTarnb = XX[lOl; //(K) 
dQair = XX[I 1 1; //(m3/h) 
ddk = XX[ 121; //rate constant for substrate I ( l/h) 
Cs = XX[13]; //kl/kgdegC 
Cw = XX[14]; /lkJ/kgdegC 
Cg = XX[15]; //kJ/kgdegC 
hvw = XX[ 161; //kl/kg 
htl = XX[17]; //kT/Kg 
Vr = XX[18]; //volume of reactor (rd) 
Tco = XX[19]; //Outlet temperature form condenser 
TSETl = XX[2I]; //setpoint tmperature for stage 1 & 2 
TSET3 = XX[22); //setpoint temperature for stage 3 



C02SET = XX[23]; //setpoint for CO2 concenuation 
fastfrac = XX[24]; //fast degrading fraction of vs for sub 1 
wwt3 = XX1253; //wet weight of substrate 3 (kg) 
slowfrac = XX[28]; //slow degrading fraction of vs for sub 1 
sc3 = XX[29); //soiids content of substrate 3 
v s f î  = XX[30]; 
vsB = XX[3 11; //volatile solids fraction of substrate 3 
dcc2 = XX[32]; 
doc2 = XX[33]; 
dnc2 = XX[34]; 
dhc2 = XX[35]; 
dcc3 = XX[36]; 
doc3 = =[37]; 
dnc3 = XX[38]; 
dhc3 = ,YX[39]; 
ht2 = XX[4O] ; /lkJ/kg 
ht3 = XX[41]; //kJ/kg 

U[ 1 = 1 ; //counter to keep mck of stage nurnber 
LL[2] = O: Ilcounter to keep track of aeration calls 
U [ 3 J  = O; Ikounter to keep trrtck of recycle calls 
U[4]  = O; //tracking to foltow aeration/recycle pattern 
diam = 0.33; //diameter of piping (estimate - check this) 
Stg3Time = 1000; 

//Calculate multiplication factors for gas production 
MOLWTl = dcc 1 * 12.0 1 1 15 + dhc 1 * 1 -00797 + doc 1 * 15.994 + dnc 1 * I4.0067; Il( kg/krnol)molar mâss of 

substrate 1 
//MOLWT2 = dcc2* 12.0 1 1 15 + dhc2* 1 .O0797 + doc2* 15.994 + dnc2* 14.0067; //(kg/krnol)molar rnass of 
su bstrate 2 
MOLWT3 = dcc3* 12.01 115 + dhc3*1 .O0797 + doc3*15.994 + dnc3*14.0067; //(kglkmol)molar w s  of 

substrate 3 

//Al1 gas production factors calcuiated below are (kg produceci/ kg vs degraded) 
02FACT1 = ((2*dcc 1 + ((dhc 1-3*dnc 1)/2)-doc 1)/2)*3 1.9988MOLWTl; 1/02 production substrat1 
C02FACT1 = dcc 1 *44.0095/MOLWTI ; //CO2 production substr 1 
WATFACTl = ((dhc 1 -3*dnc 1)/2)* 18.0 1534/MOLWTI ; l m 2 0  production substr 1 
NH3FACTl= dncl* 17.0306 l/MOLWTl; l m 3  production substrl 
DGASFACTI = C02FACT1 + NH3FACTl - 02FACTl; //total gas production substrl 
02FACT3 = ((2*dcc3 + ((dhc3-3*dnc3)12)-doc3)/2)*3 1.9988MOLWT3; 1/02 production substr3 
CO2FACT3 = dcc3*44.0095/MOLWT3; //CO2 production su bstr3 
WATFACT3 = ((dhc3-3*dnc3)/2)* 18.01534MOLWT3; /M20 production substr3 
W F A C T 3  = dnc3* 17.0306 IMOLWT3; lMH3 production substr3 
DGASFACT3 = C02FACI3 + NfI3FACT3 - 02FACT3; //total gas production substr3 
Hc = 0.00000603; //( IfKPa) 

/* calculate arnbient conditions*/ 
VspAMB = 10 1 -325 *0.0 1683/(pow( 1 O,(-2260.46*(( lR88)-( 1 BCX[ IO]))))); //(Kea) saturated vapour pressure 



of ambient air 
VpAMB = dRHamb*VspAMB ; //(Kpa) vapour pressure of ambient air 
Yamb = 0.622*VpAMB/( 101 -325-VpAMB); I l ( - )  absolute humidity of ambient air (kgwl) 
Vv = (- 1.06*(dTmb-273.15) + 68.0008 1 ); Ilcdculate specific volume of water vapour in mbient air 

/*Calculate staning vaiues */ 
SS[l] = dTs; //(K) use substrate temperature to estimate the starting temp 
Yi = Ymb; //(-) initializing aention variables (absolute humidity and mass flowrare) to ambient recycle 

air 
Vpso = 10 1.3ZS*O.O 1683/(pow( 1 O.(-2260.46*(( 11288)-( I/SS [ 1 1))))); //(Ki%) satunted vapour pressure of 

outiet air 
Yo = 0.622*Vpso/(101.325 - Vpso); Il(-) absolute hurnidity of outlet air 
mdota-am = dQair/(( Ill. 1 84)+(Yambf Vv)); //niass flowrrite of dry air in ambient 
mdot-t = (l+Yi)*mdota-am; //mass fiowrate of air and water vapour 
mdota  = mdotaam; 
Ti = dTamb: //(K) 
Hw = 4.183*Tco + 0.180788; //enthalpy of satunted water condensate KUKg 

/*calculate wet and dry solids m s  - substxate 1 */ 
SS[2] = wwtl *SC 1 ; //( kg) Cdculate mass of dry solids substrate 1 (wwt 1 *SC 1 ) 
SS(31 = SS[2]*vsf 1; //(kg) rnass of volatile soli& substrate 1 (Ms 1 *vsf 1 ) 
SS[lI] = SS[3]*fastfrac; //fast degrading fraction of substratel 
SS[12] = SS[3]*slowfrac; //slow degrading fraction of substratel 
denswc = 2881~~3; Ildensity of wodchips kglm3 
Vs = (wwt11485.3) + wwt31480; //volume of wet compost in rn3 
Vw = (wwt 1 *(l-scl) + wwt3*(1-sc3))/1000; //volume of water in substrate based on density and water content 
Va = Vr - Vs -Vw; //Volume of headspace (reactor volume - wet solids volume) 
MOLAIR = (VaX0.041); //(Kmol) the number of moles of air in headspace 
SS(18]= Va; 
SS[20] = Vw: 

/*caiculate wet and dry sotids mass - substrate 3*/ 
SS[14] = wwt3*sc3; Il( kg) Calculace m a s  of dry solids substrate 2(wwt2*sc2) 
SS[15] = SS[l4]*vsf3: //(kg) m s  of volatile soli& substrate 2(Ms2*vsf2) 

SS[4] = (wwti-SS[2]) + (wwt3-SS[14]); //(kg) mass of water in solids ail substrates (wwtdry solids) 
SS [SI = (0.00050 1 * 1.184); Il( kglm31 starting concentration of CO2 in  air 
SS[7] = 0.2134* 1.184; //(kg/m3) starting concentration of 0 2  in air 
SS[IO] = O; 
CON2 = 0.768 1 * 1.184; //(kg/m3) ambient concentration of N2 
wttotal= (CON2 + SS [SI+ SS[7])*Va; //total mass of dry air 
SS[8] = O.OS;//(SS[S]*Va/wttotal)* 100; //rnass percent of CO2 in headspace - starting 
if ((fp = fopen("data", "w")) = NULL) 

pnntf ("ln Unable to create file."); 
else 
( 
fprintf(fp. "\n Now entering stage 1. The time now is: %f The temperature is now %f The CO2 is at %f 

96%". TNOW, SS[l], SS[8]); 
fclose(fp); 
I 

/*end of initial caiculations*/ 



void S WFUNC STATE(void) 
/*state function includes those caiculations that are performed each timestep*/ 

( //star- of calcs to repeat each timestep 
SS[ 161 = dTamb + abs(S*sin(3.14*TNOW/24)); //tracking arnbient tempenture 
switch (LL[ 1 1) 

( 

case 1 : /* STAGE 1 */ 
( 
if (SS[8] >= C02SET) //if CO2 is above setpoint 
{ 
AERATE (dTamb. VpAMB, Yamb. mdota-am) //cal1 aeration subroutine 
1 

else 
( 
RECYCLE (Tco, dQair); //set to recycle air 
1 

if (SS[ 1 ] >= TSETI) 
{ 
LL[ 1 ] = 2; //change to stage2 
Stg2xme = TNOW + 48; //set end-cime for stage2 
if ((fp = fopen("data", "a")) = N ü U )  
printf ( "h  Unable to create file."); 
else 
fprintf(fp. "Mn Now entering stage 2. The time now is: %f The temperature is %f The CO2 is %f f %% h 

Aemtion called %6d times. Recycle called %6d times.", TNOW. SS[I], SS[8], U[2] ,  LL[3]); 
fclose( fp); 
1 

RATE-CALC (); //cdculate the rate constant for TNOW 
STAGE-CALCSO; //perfom timestep caiculations 
1 
break; 

case 2: /*STAGE 2*/ 
( 
if (SS[8] >= C02SET) //if CO2 is above setpoint 
{ 
AERATE (dTamb, VpAMB. Yarnb. mdota-am); //cailing aeration subroutine 

else if (SS[I ] > TSETI) //if temperature is above TSETl 

AERATE (dTamb, VpAMB, Yamb, mdota-am); Ilcailing aeration subroutine 
1 
else 
{ 
RECYCLE (Tco, dQair); //set to recycte air 



RATE-CALC(); Ilcdculate the rate constant for TNOW 
STAGE-CALCSO; Ilperform timestep cdculations 
if (TNOW >= Stg2Tme) //if TNOW equals end-tirne for stage2 
( 
LL[l] = 3; //enter stage 3 
Stg3Phs = 1 : //phase l - warrning phase of stage 3 
Stg3wtirne = ï N O W  + 24; //set time limit for warrning phase of stage 3 (to 24hn) 

if ((fp = fopen("datrim, "a")) = NULL) 
printf ("b Unable to create file."); 

else 
fprintf(fp, "Mn Now entering stage 3. The time now is: %f. The tempenture is now 8 f  The CO2 is at %f 

%% \n Aeration called %6d times. Recycle called %6d cimes.". TNOW. SS [ I 1. SS [8]. U[?], U[3]) ;  
fclose( fp); 

1 

1 
break; 

case 3: /*Stage 3 */ 
t 
if (SS[8] >= C02SET) //if CO2 is above setpoint 
{ 
AERATE (dTamb, VpAMB. Yamb, mdotri-am); //calling aerricion subroutine 
1 

else 
( 
RECYCLE (Tco, dQair); //set to recycle air 
1 

if ((TNOW r= Stg3wtime) II  (SS[ I ]  >= TSET3)) //if passed tirne limit for warming stage or passed [set for 
warming stage 

if (Stg3Phs = 1 )  //if in the warming phase of strige 3 (phase 1 ) O 

{ 
Stg3Phs = 2; //set to timed phase of stage 3 (phase 2) 
Stg3Time = TNOW + 72; //end wmning phase. set end-time for stage 4 

1 

eIse //in timed phase of stage 3 - now cool to TSET3 
if (SS[I] >= TSET3) 
{ 

AERATE (dTarnb, VpAMB, Yamb, mdota-am); //cailing aeration subroutine 
1 

1 
RA'IE-CALC (); //calculate the rate constant for TNOW 
STAGE-CALCS(); //perform timestep calculations 

if (TNOW >= S tg3Time) 
{ 
U[ 1] = 4; //enter stage 4 
Stg4Time = TNOW + 36; //set stage 4 duration 

if ((fp = fopen("dataW, "a")) = NULL) 
printf ("in Unable to create file."); 



else 
fprintf(fp. "Mn Now entenng stage 4. The Um now is: %f- The temperature is now %f The CO2 is at %f 

45% \n Aemion called %6d times. Recycle cailed 466d times". TNOW. SS[I]. SS[8]. LL[21, LL[3]); 
fclose( fp); 
1 

1 
break; 

case 4: /*Stage J*l 
{ 

if (TNOW >= S tg4Time) //end simulation 
( 
if ((fp = fopen("datam. "a")) = NULL) 
printf ("h Unable to create file."); 

e!sr 
fprintf(fp. "h End stage 4. The time now is: %'of', TNOW); 
fprintf(fp. "h Stage 4 is completed. Simulation Tenninated"); 

MSTOP = -1; 
fc [ose( fp): 
1 
else 
( 
=TE (dTarnb, VpAMB. Yamb. rndota-am); //cailing aeration subroutine 
RATE-CALC 0; 

STAGE-CALCS(); 
1 

1 
break; 

return; 

} /*end of caiculations for each timestep*/ 

void AERATE (double dTa.mb,double VPamb.doubie Yamb,dou bie Gamb) 
( 
Ti = SS[16]; 
Vpsi = VpAMB; 
Yi = Yamb; 
rndot-a = rndotam; 

C02IN = 1.1 84*0.00050 1 ; IIAmbient concentration of CO2 as inlet concentration (k@rn3) 
02IN = l.l84*O.Z 134; //Arnbient 0 2  concentrations at inlet(kgfm3) 
CONDLOSS = O; //no losses in condenser for aeration routine. 
LL[2] = LL[2]++; 
U[4] = 1: 
r e m ;  
1 



void RECYCLE (double Tco.double dQair) 
{ 
CaC-HO; 
Ti = Tco; 
Vpsi = 10 1.3Z*O.O 1683/(pow( i O,(-2260.46*(( 11288)-( lm))))); 
Yi = 0.622*Vpsi/( 1 O 1 -325-Vpsi); 
Vv = (- l.O6*(Ti-273.15)) + 68.0008 1 ; 
mdot-a = dQair/((l/l. 184)+(Yi*Vv)); //mass tlowrate of dry air in 
C02IN = SS[5]; JReactor CO2 concentration as inlet concentration 
02IN = SS[7]; //Reactor 0 2  concentrations at inlet 
U [ 3 ]  = LL[3]++; 
LL[4] = O; 
retum; 
1 

void RATE-CALC () 

( 
SS[6] = ddk*(pow( l.066,(SS[ 1]-280))-pow( 1.2 1 .(SS[l]-320))); Il ( l-pow( 2.7 128.(-TNOWIJ))) 
{if (SS[6] < O )  /*the lagfactor is */ 
SS[6] = 0; 
1 
SS[l7] = 0.2*SS[6]; Ilrate constant for bulking agent 20% of rate for organics. 
SS[19] = 0.1 *SS[6]; //rate constant for slowfrac degradation 
(if ( U [ l ]  = 3) 

SS[19] = 0.75*SS[6]: 
1 
return; 
1 

void CALC-H () 

{ 
//calculate the enthalpys of dry air at inlet and outlet of condenser 
H2 = Tco; /Iregression gives 1:1??? 
Hl = SS[l]; 

/* fprintf(fp, "\n Enthalpys calculated. H 1 equals %f. H3 equals %f'. Hl. HZ); 
fcloset fp);*/ 

return: 
1 

void STAGE-CALCS () 
{ 

DVS 1 = (SS[6]*SS[ll]); //(kg/h) change in volatile solids over time - fastfrac substrate 1 
DVS2 = (SS[19]*SS[12)); //(km) change in volatile solids over time - siowfrac substrate 1 
DVS3 = (SS[17]*SS[15]); //change in Vol solids over tirne - substrate 3 (woudchips) 
SS[2] = SSL[2] - (DVS Z+DVS2)*DTNOW; //(kg) new m s  of dry solids substrate 1 
SS[3] = SSL[3] - (DVS I+DVS2)*DTNOW; //new rnass of dry volatile solids substrate 1 
SS[1 I] = SSL[II] - DVSl*DTNOW; //new mass of fast degrading VS subl 
SS[12] = SSL[12) - DVS2*DTNOW; //new mass of slow degrading VS sub 1 
SS[14] = SSL[l4] - DVS3*DTNOW; //new mass of dry solids substrrtte 3 (woodchips) 
SS[lS] = SSL[15] - DVS3*DTNOW; //new mass of dry volatile solids substrate 3 
SS[4] = SSL[4] + DTNOW*(WATFACTl *(DVS 1 + DVS2) + WATFACl3*DVS3 + (mdot-a*(Yi - Yo))); 



//(kg) new MW 
SS[21] = SS[2J-SS[I 11-SS[12] ; //estimated mrrss of ash 

S S [ l I  - - S S L [ I ]  4 

(DTNOW/(C~*~SS[~]+SS(~~])+C~*SS[~]))*(~~O~-~*(C~*(T-SSL[ 1 ])+hvw*(Yi-Yo)-(H 1 -H2)-Hw*(Yol 
-Yi))+(htI *DVS I+ht2*DVS2)+(ht3*DVS3)); 
rndotai = mdot-a; have  previous vaIues for Go, Yo 

Yol = Yo; 
Vpso = 10 1.32S*O.O l683/(pow( lO,(-2260.46*(( 1l288)-( l/SS[ 11))))); //( KPa) saturated vapour pressure of 

outlet air 
Yo = 0.622*Vpso/(101.325 - Vpso!; //(-) absotute hurnidity of outlet air 

//calculate 02.  C02, NH3 production 
/ / f i n t  calculate pp of CO2 in headspace for Henry's calcs 
MC02 = SS[5lfVa: //(Kg) rnass of CO2 in headspace 
MOLCO2 = MCOU44; //(Kmol)number of moles of CO2 in headspace 
PPC02 = 101.325*MOLC02/(MOLC02+MOLAIR); //(KPa) partial pressure of CO3 in air 
SS[IO] = PPC02*Hc*2444.640; //(kg/m3) aqueous phase concentration of co2 

//calculate CO2 production 
SS [5] = SSL[SI + ((C02FACTI *(DVS 1 +DVS2))+(C02FACT3*DVS3) - dQairASSL[5] + 

C02Di*dQair)*DTNûWNa - Vw*(SS[1O~-SSL[lO])Na;ll(Ke/m3) calculate concentration of co2 headspace 
SS[7] = SSL[7] + (OSDi*dQair - SSL[7j*dQair - (02FACTI*(DVSl + DVS2) + 

02FACT3 *DVS3))*DTNOW/Va: 
wttotal = (SS[S]+ SS[7]+CON2)*Va; //(kg) total rnass of dry gases 
SSf81 = (SS[S]*Va/wttotal)* 100; //(%) mass percent of CO2 in headspace 
SS[9] = (SS[7]*Va/wttotal)* 100; //(%) mass percent of 0 2  in headspace 
retum; 
1 



APPENDIX D - Sarnple Calculations - Odour Emissions S tudy 



Dimezhy l Disuiphide CdibraHon: 

t h e  (min) Re&hc A n a  
DMDS UHl 3.686 24.86 0.10 0.0260 
DMDS 5.060 3349 24.20 0.10 0.0260 
DMDS 4.076 t7Sn 156.6 1 030 0.1299 
DMDS 4.070 30345 i55.09 030 0.1299 
D-%DS 4.041 1S8.4Cl3 69823 L.00 02597 
DMDS 2028 19.594 76830 1.00 0.2597 
DMDS 4.065 74.700 4833. 17 5-00 1.2987 ' 
DMDS 4060 79Zll l 436.77 5.00 12987 
DMDS ~ .OPO IJ55.538 95t"98 r0.00 3 9 7 a  

Consont 
Sid ET oi Y Est 
R Su- 
No. of Obscmsuons 
D q r e s  of Frttdorn 

Constvlr O 
Std Er ai Y Est 60.023 16442 
R SquYcd 0.999508208 
No. or' Obscrvauons 3 
D- of F-rn 2 

Constant 
Srd E r r o i Y  Est 
R Suuutd 
No. of Observaciors 
Deorees of Fhtdorn 

Concentntion = Pedc Araw6cLS.912 



Dimechyi Suiphide Calibrariion: 
1 

PcrL PtaL coaccii~~oon 
tfnactmim! H m  Arrr (ppm, ( u d a l  

, DMS L.946 1.260 11.37 û.10 0.0394' 
l 

' DMS 1 350 1.1 17 667 0110 0 ~ ~ 9 4  
DMS 1.953 LU76 96.43 OJO 0.1969 
DMS 1.955 9515 S7.00 0.50 0.1969 
DMS 1.951 28560 245.96 1.00 03937 
DMS 1.956 38 L 14138 t.ûû 03937 
DMS 1.955 168-407 10a1.9 I 5-00 1.968s 
DMS 1.956 i 73,675 10 t 1-94 5 D  1968s 
DMS 1.960 330,639 3469.48 10~00 3.9370 

-on Outaut= 1.0 to 10 opm r 2 Q S S  c Pm 

Cnmnrn O 
StdErrofY Est 47.8f4422 I . 
R S q d  (14549435 
No. of Observations . 4, 

De- a i  3 

DMS 
(M Aroc76. 173 iDMSl= ?a AhY f 50.998 1 
(n < PeJt &u < 245. (DMSl= P u k  M I  W-702 

,(24S.% < P u k  .ri= J rDMSl= ? u i c  Ad-99.58 

119 



a - a  
= 1 =  33'" 

t ' c e  - -3- 
= ? = ? Y  - - -  

P jl 1 D - F  
m m -  
=? =r! ? 
9 - œ  



I 

Concenmtion ~veraees ov Loauon: i fppmil ~wL)f 
Prt-FiItcr r post<onacnscr~ DMS 1 0.0203 10.0082782 1 

0.0304 
DMDS 

Impinger Test Resuits 
J 

10 ppni S'tUrdud ~ ~ S i S  Peak Arca (PQmJ 
OMS 1.960 330.64 3469.48 10 
DMOS 4 . M  145525 9522.98 1 O 

Receiving Bag .aaivsis ~ t o k k e 3  
DMS 1 -960 f 30.03 :O7938 
DMDS +.il76 !258.90 30642 

DMS 
( P d c  'IDMSI = ?rSr Arn,  150.998 1 
(Peak A m  *!DMSI = ?& A m 3  18SVI 

i 

'toncCnaanons are :n ppm 

OMDSRage i 
Peak Ht P e a k y t a (  

0375 119 
0362 1.62, 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 

0.557 537 
1.285 $5 

,Blank 9 0.00 0.00 1.187 4.97 
m u n  1-30 rncan t .86 

srd dcv - -S std dtv 2.0 

Limit of D-on i LOD) = 3*Standard Devtation+ :Mun 
Lknit Qwnfiunan r LOQ) = IO'St~ldud Dcviauon A M a n  

Cdcuhtion of Percent Losses 
(Peak .Are31 
DMS 1 12% 
DMDS 15.3 5 
Conctnmon I 
DMS 3-0s 
DMDS 1 5.0% 



APPENDIX E - Graphical Results - Odour Emissions Study 



Phase 4 - SampIing Resdîs 
Dimcrhyi S uiphide 

Phase 4 Sampüng Results 
Dimerhyi Disuiphide 

- DMDS Odour 

*Samolinsz Evmt notanon is as iailows: 1 
pe i 
P4-2 
~ 4 - 3  
P U  

N O V ~ ~  a, ~ 9 9 5  
May 21. 19% 
Juiy 29.19% 
Seprcmixr 10. 19% 

Pd5 Decrmaer 12 19% 



DMDS Cdour 

* . - . . . -  . - _  - . - A  

"Sam~îine Evcnt notation is as follows: 
1 hour into Phase 3 
25 houn into Phase 3 
49 hours into Phase 3 
Initiarion of Phase 4 
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