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ABSTRACT 

Waste Heat Utilization in an 

Anaerobic Digestion System 

by 

Brett Boissevain, Master of Science 

Utah State University, 2012 

 

 

 

Major Professor: Dr. Byard D. Wood 

Department: Mechanical Engineering 

 

 

 Anaerobic digestion is a well-researched topic that has been utilized for centuries. While 

the theoretical understanding is solid, many real world systems often suffer due to poorly 

designed operation and equipment. This thesis uses a computer modeling approach to consider a 

real world system that is subpar, and identifies how it might be improved. First, a computer 

model is developed to mimic the real world system. Next, major elements (heat exchanger 

efficiencies, biogas utilization) are modified to show potential outcomes on system performance. 

The main outcome of this research is to show the importance of waste heat utilization in an 

anaerobic digestion system, and how if properly applied it can lead to an energy independent 

operation. 

(120 pages) 
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PUBLIC ABSTRACT 

Waste Heat Utilization in an 

Anaerobic Digestion System 

by 

Brett Boissevain, Master of Science 

Utah State University, 2012 

 

 

 

Major Professor: Dr. Byard D. Wood 

Department: Mechanical Engineering 

 

 

 Anaerobic digestion has great potential as an energy source. Not only does it provide an 

effective method for waste mitigation, but it has the potential to generate significant quantities of 

fuel and electricity. In order to ensure efficient digestion and biomass utilization, however, the 

system must be continuously maintained at elevated temperatures. It is technically feasible to 

supplement such a system with outside energy, but it is more cost effective to heat the system 

using only the produced biogas. While there is considerable literature covering the theory of 

anaerobic digestion, there are very few practical studies to show how heat utilization affects 

system operation. This study considers the effect of major design variables (i.e. heat exchanger 

efficiencies and biogas conditioning) on promoting a completely self-sustaining digestion system. 

The thesis considers a real world system and analyzes how it can be improved to avoid the need 

of an external energy source. 
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AD Anaerobic Digestion 

B0 Ultimate Biogas Yield (m
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 biogas kg

-1
 VS fed) 

CH4 Methane 

cm Centimeter 
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COD Chemical Oxygen Demand 
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3
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INTRODUCTION 

1.1 Introduction 

Anaerobic digestion is rapidly growing as a research topic at Utah State University [1-3]. 

Especially with today’s environmental and energy concerns, anaerobic digestion presents a very 

attractive option for sustainable energy production. Anaerobic digesters operate by converting 

some form of biomass (e.g. dairy manure, algae, food wastes) into biogas (generally 70% 

methane and 30% carbon dioxide, and other trace gasses) [1]. Methane can be used as a fuel 

source either for heating or for running an engine-generator to produce electricity.  

What many enthusiasts fail to realize, however, is that while anaerobic digestion may produce 

“free” energy it still requires a significant amount of heat to operate the system. Anaerobic 

bacteria can only function within certain temperature ranges, and any major fluctuation can 

severely hinder digester operation. The most common operating temperatures for large scale 

anaerobic digestion fall in the mesophilic range (30-35 °C) [4]. Efficient operation requires that 

the digester volume be maintained at this elevated temperature if significant gas production is to 

be expected. 

1.2 Problem Statement 

There are many industries in which waste mitigation presents a serious burden. If the waste 

consists of biomass then anaerobic digestion (AD) presents a very appealing solution. A problem 

with AD, however, is that if the system is not properly designed it can be more costly to operate 

than the traditional waste disposal techniques (e.g. shipping to a landfill, open air degradation). A 

poorly designed, real world, AD system, especially in climates with cold winter months, will not 

function year round without some external energy source. Even if sufficient biogas is produced, 

poor heat utilization can limit temperature potentials, especially in colder climates. It is therefore 

important to identify common system shortcomings in order to improve system performance and 
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achieve a more feasible year round operation. This includes available heat utilization and biogas 

production. 

1.3 Project Background 

AD is well understood from a theoretical approach. There are many published articles 

developing reliable rate equations that predict biomass conversion and gas production based on 

influent characteristics and operating conditions [3-6]. There are very few studies, however, that 

consider how such a system is maintained and operated. There are many process variables that 

have a significant effect on system performance. Some examples of these variables include 

retention time, feedstock characteristics, and operating temperature. The objective of this study 

was to perform a sensitivity study on major system variables and define how each affects the 

performance of a typical AD system. This was accomplished through the development of a 

computer simulation model that accurately mimics an existing system, and then investigates the 

system response to changes in the major variables such as biogas utilization and heat utilization. 

The real world system of interest for this study is the Sunderland Dairy Digester System 

(SDDS). SDDS is an AD system that uses four 120 m
3
 digester tanks to convert dairy-cow 

manure to methane [2-3, 7-9]. The SDDS has been the subject of many USU research projects 

since its inception in 2004, resulting in many studies and retrofit projects. From this past work it 

is possible to develop an understanding of the current system performance. Details are collected 

not only from related publications and reports, but also conversations with the system operator 

and hands on analysis of the system design and operation.  

Digester heating is provided by waste heat from an engine-generator that converts the 

produced biogas into electricity. This waste heat is transferred to the digesters through a series of 

custom heat exchangers. According to the system operator, Scott Sunderland, the digesters are 
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currently operational from mid-April to early-November. The winter months are too cold to 

maintain temperatures without supplemental heat.  

1.4 Methodology 

The method for analyzing system performance is through a software package known as 

TRNSYS (Transient System Simulation Tool) [10]. This software package was originally 

developed through the University of Wisconson’s Solar Laboratory in order to evaluate various 

solar energy projects. Since its creation, this software has found a much wider use in many other 

energy topics, now including anaerob ic digestion. The TRNSYS software  is first used to 

generate a model that mimics the existing SDDS configuration. Various elements of the model 

are then modified to identify how year-round potential may be improved. The results of this 

modeled simulation led to straight forward and reliable recommendations on how to improve the 

system operation. 

1.4.1 Initial Modeling 

TRNSYS is an extensible simulation environment used to evaluate complex energy 

systems. The program itself operates on a library of components programmed to simulate real 

world equipment and processes. The available components consist of things such as pumps, heat 

exchangers, thermal storage tanks, and other common equipment. The component library 

included with TRNSYS has almost everything needed to model the SDDS. For highly specific 

elements such as biogas production as a function of feedstock, TRNSYS offers easily modifiable, 

open source components so a user can simulate unique phenomena. In order to model the system, 

information is obtained from design reports, published literature and site operators. 
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1.4.2 Model Validation 

While the developed model can be modified to closely model the real world system, as 

with any model the match will not be exact. Reasons for this include that the model cannot 

account for the day to day difficulties encountered by an operator. These difficulties range from 

unpredictable weather patterns to equipment malfunction and maintenance requirements. While 

many studies are concerned with absolute values and results, this study is only concerned with 

relative system responses and how best to improve the systems operation for a given set of 

environmental conditions. Data from past studies can be used to confirm model output, but 

because of the nature of this study exact results are not necessary. 

1.5 Objectives 

The objectives of this study were to: 

1) Develop a simulation model that mimics an existing anaerobic digestion system, and 

validate the model through comparison to real system data. 

2) Use the validated model to perform a sensitivity study on the major design variables (e.g. 

heat utilization, biogas use) and their effect on the performance of the digestion system.  

3) Make recommendations regarding how best to improve the digestion system to achieve 

year round operation without the need of an external energy source. 

To accomplish these objectives, several things must be considered. First, the fundamentals of 

anaerobic digestion are presented to identify important factors for optimum digestion. Secondly, 

the layout and operation of SDDS is discussed to gain a clear understanding of the real world 

system to be modeled. Third, the specific elements of interest in this study that have been 

identified for potential improvements are analyzed. Fourth, effects of improvements to the 

identified elements are modeled to show which changes present the most promising 
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improvements. Finally, to summarize, conclusions and recommendations are made for how best 

to improve the real world digester system at the Sunderland Dairy. 
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BACKGROUND AND LITERATURE REVIEW 

2.1 Background 

AD is a process that has proven itself valuable in both waste treatment and energy generation 

[1, 4-5]. Through the process of organic solids reduction, the byproduct of methane gas can be 

harnessed as a potential energy source. The process itself is series of microbial steps that converts 

the biomass from complex organic substrates to a simple methane product. Several different types 

of bacteria are involved in this sequential break down. This section first investigates the details of 

the process, and then walks through the important factors in reactor design and operation. 

2.2 Process 

The complexity of the incoming biomass requires an equally intricate collection of bacteria 

to handle the conversion to methane. The biomass consists of many complex carbohydrates, 

lipids and proteins. None of these can be directly converted to biogas. Through the anaerobic 

food chain, however, these complex molecules are sequentially simplified until finally biogas 

(primarily methane and carbon dioxide) is obtained. The three generic stages of AD are defined 

as hydrolysis, acetogenesis and methanogenesis [4]. To understand the process, it is important to 

consider the biochemical pathway, the cell growth kinetics, relevant organisms, required 

environmental conditions, and feedstock effects. 

2.2.1 Pathway 

The overall process can be simplified into a sequential pathway involving three general 

groups of bacteria: fermentative, acetogenic and methanogenic [4]. The fermentative bacteria are 

responsible for converting the complex organic compounds to simple, soluble organic compounds 

such as volatile acids and alcohols (a process also known as hydrolysis). The acetogenic group 
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then reduces these simple compounds into acetic acid and hydrogen gas. Finally, the 

methanogenic bacteria complete the process by converting the acetic acid and hydrogen gas into 

methane and carbon dioxide. 

2.2.2 Kinetics 

A rough estimate of methane production can be obtained based solely on digester size 

and residence time, but incorporating functions of bacterial growth can give much more accurate 

results [5]. There are many models that can be applied. A proven and reliable model is the 

Contois Model, as utilized by Gunnerson and Stuckey [5], and is shown in Eq. (1). 

 
 (1)  

In the equation, Vs is specific methane production rate (m
3
 biogas m

-3
 reactor day

-1
), Bo is 

the ultimate biogas yield (m
3
 biogas kg

-1
 VS fed), So is influent volatile solids content (kg VS m

-3
 

influent), K is a dimensionless kinetic parameter, and m is the maximum specific growth rate of 

the microorganisms (day
-1

). 

2.2.3 Relevant Organisms 

There are many different strains of methanogenic bacteria. Different strains are optimized 

at different operational conditions. For example, at a given temperature and pH, one strain of 

bacteria will out-produce another. Typically, methanogenic strains are classified into three 

groups. These groups are categorized by the substrate used, and are named hydrogenotrophic, 

acetotrophic and methylotrophic methanogens [4].  

Hydrogenotrophic bacteria use hydrogen to convert carbon dioxide to methane. This 

group is vital to the acetogenic bacteria in that they preserve a low partial pressure of hydrogen in 

the digester. If hydrogen were to build up, acetogenic bacteria would be inhibited and digester 
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performance would fail. The acetotrophic group reduces acetate into methane and carbon dioxide. 

An intermediate step also produces more hydrogen, for use by the hydrogenetrophic group. 

Similar to acetogenic bacteria, the acetotrophic methanogens are extremely sensitive to hydrogen 

partial pressure. Therefore, hydrogenetrophic methanogens are important not only for acetate 

forming bacteria, but also for acetate splitting methanogens. Unlike the previous two groups, 

methylotrophic methanogens do not use CO2 to produce methane. Instead, they utilize substrates 

containing the methyl group –CH3 (such as methanol and methylamines). 

2.2.4 Environmental Conditions 

The rate-limiting step in the anaerobic food chain is the methane forming bacteria, 

specifically the conversion of volatile acids to methane [4]. A reason for this is that methanogens 

gain very little energy from the conversion, as most of the energy released from the volatile acids 

is transferred directly to the methane. Because of this low energy gain, methanogenic bacterial 

growth rates are relatively slow. This low growth rate results in a serious sensitivity to 

environmental conditions. Any major upset in conditions will cause a decline in methanogen 

population, requiring long periods for the bacteria to return to normal levels. Methanogens are 

strict anaerobes and show the greatest sensitivity to temperature, alkalinity and pH [4]. 

Bacteria that exist in the anaerobic digestion process can be classified by their operating 

temperatures. Mesophilic bacteria, for example, operate best in the temperature range of 30 to 

35°C, while thermophilic bacteria work best in the 50 to 60°C range [4]. There are certain 

tradeoffs that come from operating within each range. While thermophilic conditions may require 

lower residence times, they also require much higher heating costs and often show decreased 

stability and higher sensitivity to minor temperature fluctuations [1]. The operating temperature, 

however, is not as important on digestion performance as temperature fluctuations. As discussed 
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by Gunnerson et al., anaerobic bacteria are able to adapt to moderately adverse conditions. An 

immediate response to the temperature fluctuation will temporarily limit methane production 

while increasing volatile acid production [4]. This high acid concentration will further inhibit the 

adaptability of methanogenic cultures to the new temperatures. As previously mentioned, 

different methanogenic strains are optimized at different temperatures, giving rise to the different 

temperature classifications (i.e. mesophilic and thermophilic).  

Similar to temperature requirements, methanogenic bacteria require a stable operating 

pH. Optimum pH ranges are fairly neutral (ranging from 6.8 to 7.2) [4].Some strains are 

optimized at slightly basic levels, while others are optimized at slightly acidic levels. Alkalinity is 

one of the most significant factors in maintaining a stable pH, as it acts as a buffer against rapid 

pH change. Alkalinity ratios are often used as an indicator of digester performance. A drop in 

alkalinity is a good indicator of a pending failure [4]. Drops in alkalinity are usually caused by 

accumulation of organic acids, resulting from either influent compositional change or inhibition 

of methane forming bacteria (and a subsequent failure of converting organic acids to methane). 

2.2.5 Feedstock Effects 

Another factor affecting digester performance is the composition and rate of the incoming 

biomass. The feedstock must provide sufficient nutrients for the bacteria, while not overloading 

them with others. Also, different feedstocks have different biological structures, affecting the 

biodegradability and accessibility of the nutrients. Feed rates are often defined in terms of percent 

volatile solids loading rates. Too low of a concentration will result in hydraulic overload, 

meaning the methanogens cannot reproduce fast enough to avoid being flushed out of the digester 

(this is only a concern with continuous operation, batch operation is not subject to this problem). 
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Too high of a concentration, however, will cause organic overload. In other words, this will lead 

to a toxic buildup of nutrients (usually caused by nitrogenous compounds) [5]. 

Anaerobic bacterial growth and performance is dependent on adequate presence of 

macronutrients such as nitrogen and phosphorous. Nitrogen has two major roles as an important 

macronutrient [5]. First, it is essential in the synthesis of amino acids, enzymes and protoplasm. 

Second, through its conversion to ammonia, it can neutralize the volatile acids produced by 

fermentative bacteria, helping to maintain a stable operating pH. Other micronutrients are also 

required for some of the more complex enzymatic reactions of methanogens. For example cobalt, 

iron, nickel and sulfide are all crucial micronutrients to the methane forming bacteria [4]. 

Essential nutrients can quickly become toxic if concentrations become too high. For 

example, if nitrogen concentration increases too much, excessive ammonia can prove inhibitory 

and even toxic to methane-forming bacteria [4]. Other toxicity concerns include heavy metals, 

volatile acids, and hydrogen sulfide. It has been noted, however, that methanogenic bacteria have 

demonstrated certain adaptabilities to toxic environments. Many studies have shown that 

continuous digesters are often more resistant to toxic effects (through a slow increase in toxic 

compounds) as opposed to batch digesters (subject to shock loading) [5]. 

2.3 Reactor Design 

There are many options for reactor configuration in anaerobic digestion. Possibilities range 

from plug flow to stirred tanks with recycle, and everything in between. One of the most 

important factors in efficient anaerobic digestion is ensuring that the solids have sufficient time to 

digest. The inherent problem with this, though, is that for a given flow rate, a digester with longer 

retention time will need to hold a larger volume. The Induced Bed Reactor (IBR) developed by 

Hansen et al. [11] overcomes this by effectively separating hydraulic retention time (HRT) from 
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solid retention time (SRT). This design allows water to pass through quickly, while retaining 

solids and biomass for maximum digestion. As this is the design employed at SDDS, the 

following sections will focus on the relevant design parameters for an efficient IBR system. For a 

better understanding, Fig. 1 has been included to show the design differences between an IBR and 

a continuous stirred tank reactor (CSTR). Details will be discussed in the flowing sections 

 

 

Fig. 1 - Cutaway of IBR (Left) and CSTR (Right) (Adapted from [1]) 

 

2.3.1 General Model 

The IBR is a design developed and tested at Utah State University [11]. The primary 

design goal of the IBR is to accommodate high feed rates with high solid loading content. A 

baffle at the top of the tank acts as the separating mechanism of HRT and SRT. The IBR 
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encourages solid retention while allowing water to pass through much faster. The IBR 

accomplishes this with the induced bed, or baffle, installed at the top of the tank. 

The IBR takes advantage of the biomass retention characteristics, while also allowing for 

the digestion of complex, high strength waste streams [1]. The auger at the top of the septum will 

limit the amount of solids able to reach the liquid effluent port. The following mass balance 

presents a simple starting point for the operational considerations, which follows the methods 

presented in a standard bioprocessing text [12]. It is important to note that a small concentration 

of digestion bacteria will enter the reactor with the influent substrate. Depending on how the 

substrate is handled prior to filling, anaerobic conditions may already exist to encourage cell 

growth. In general, this concentration may be small enough to negate, but it is still important to 

recognize. Due to imperfect cell retention, some bacteria will also manage to escape the reactor 

through the liquid effluent. The majority of the cell concentration comes from the growth that 

occurs within the reactor. Finally, because of the natural life cycle of cells, some cell mass will be 

lost within the reactor. This mass balance is represented here in Eq. (2). 

 
 (2)  

If the mass balance is run at steady state then  can be considered 0. is the reactor 

volume, F is the flow rate, X0 is the influent cell concentration, X is the reactor cell concentration, 

 is the cell growth rate and  is the endogenous metabolism rate. 

Another mass balance approach considers the substrate, or feedstock, in the reactor. As in 

the previous mass balance, imperfect cell retention and incomplete biodegradability means the 

effluent also has a substrate concentration. As described earlier, some of the substrate is 

converted to bacteria cell mass and some is converted to product (methane and carbon dioxide 

primarily). This mass balance is presented in Eq. (3). 
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 (3)  

If the digester is run at steady state then  can be considered 0. is the reactor volume, 

F is the flow rate, S0 is the influent substrate concentration, S is the reactor substrate 

concentration,  is the cell growth rate,  is the substrate to biomass yield,  is the rate of 

product formation and  is the substrate to product yield. Fig. 2 shows the control volume for 

the preceding mass balances. 

 

 

Fig. 2 - Digester Mass Balance 

 

 

2.3.2 Residence Time 

The amount of biomass digested is highly dependent on how long the solids remain in the 

system. Maximum conversion occurs after a residence of just about 10 days [5]. If the residence 

time was only considered as the HRT, the reactor would require a very large volume. The IBR, 

however, effectively separates HRT from SRT, allowing for a much smaller volume. The HRT 

can then be reduced well below the optimum 10 days required for digestion, while still 
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maintaining the SRT well above this limit. Studies on the IBR have shown that even with an HRT 

of 4 days, SRT values as high as 200 days can still be observed [1]. 

2.3.3 Productivity and Optimization 

The productivity of the IBR can be evaluated using the adapted Contois kinetics model 

described in Equation (1). This model calculates specific methane production as a function of 

several system variables. First of all, B0 is obtained as the ultimate methane yield of the given 

influent substrate.  Values may range from 0.20 m
3
/gm  to 0.5 m

3
/gm for different manure types 

[5]. The substrate concentration is merely a value obtained from the organic loading rate of the 

reactor, or the influent volatile solids. K and m from Equation (1) can be calculated from Eq. (4) 

and (5), as presented by Gunnerson et al. [13]. 

 
 

(1) 

  (4)  

  (5)  

While these equations hold true for some scenarios, it is often not exact. It is much more 

reliable to obtain these values from laboratory tests of expected substrate and flow conditions. 

Zemke et al. [3] conducted an experiment comparing this kinetic model to a full scale IBR. 

Results have shown that the model presented above cannot be applied to the IBR as is. A simple 

assumption was made in that study, however, to correct this. The design modification of the IBR 

effectively separates HRT from SRT. With this modification, the last term in Eq. (1) effectively 

drops to 0. Equation (6) can then accurately predict the biogas yield of an IBR digester 

 
 (6)  
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While the above equation implies that specific gas yield is no longer dependent on temperature, 

Zemke et al. state that if the temperature drops enough to make μm small enough to undo the 

effects of a large SRT, then the last term of Eq. (1) can no longer be ignored [3].  

  



16 

 

 

DIGESTER SYSTEM 

3.1 Sunderland System 

The preceding fundamentals section has provided the background necessary for 

understanding the basics of a typical anaerobic digestion system. The SDDS follows these same 

principles. While some specific elements are different, the general theory still applies. The 

following sections highlight the operational specifics of this system.  

The specific design of this digestion system is intended to minimize material handling by an 

operator. The design is mostly automated, needing only occasional maintenance and monitoring. 

Fig. 3 shows a simplified material flow diagram of this digester system. A more complex diagram 

has also been included as Appendix B (adapted from [9]). 

 

 

Fig. 3 - SDDS Process Flow (Adapted from [3]). 
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The collected manure is first fed to a hydrating and mixing pit where it can be 

homogenized. From this pit, it is fed through a separator to remove materials that may add to 

clogging of the plumbing. From here, the feedstock is fed to a second holding pit. Ferric Chloride 

is added in this pit to help reduce the amount of hydrogen sulfide gas produced in the digesters. 

Before being fed to the tanks, the influent is heated through a series of heat exchangers. While not 

shown in Fig. 3 because it is a simplified schematic, the first heat exchanger is a waste heat 

recovery (WHR) system that collects heat from the tank effluent and adds the heat to the influent. 

The next heat exchanger heats the influent up to the desired temperature by collecting heat from 

the engine-generator as well as additional boilers if needed. The heated manure stream (a slurry) 

is then fed to the tanks, where the biomass is broken down and converted to biogas. The biogas 

that comes from the digester is fed to a biogas conditioner. The conditioned biogas can then be 

fed to an engine-generator, producing electricity. Another option for the conditioned biogas is to 

use it for powering boilers. If, for any reason, the gas cannot be fed safely to the engine-generator 

or boiler, then it is diverted to a flare and burned off in the atmosphere to avoid any hazardous 

accumulation of the toxic gas. 

3.2 System Environment and Capacity 

The Sunderland Dairy is located in Chester, Utah. Housing approximately 450 cattle, the 

dairy produces between 35 and 60 m
3
 per day of manure slurry [3]. This slurry, after the 

preparation stages described below, is then fed to the digesters. There are four digestion tanks 

total, each one with a 120 m
3
 volume. Being in central Utah, the temperatures can undergo severe 

seasonal and diurnal fluctuations. As a result, the digesters are enclosed in an insulated building 

to minimize the tank heat loss to the environment. In addition to housing the tanks, a separate 

room in the building is used to house the engine-generator and other equipment. The following 
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sections will describe the specific components involved in the total digester system. For ease of 

understanding, the components are separated into three subsections of upstream, digestion and 

downstream. 

3.3 Upstream 

The tasks upstream of the digester are mainly concerned with preparing the feedstock for 

digestion. The first step is to prepare the feedstock to the correct slurry composition for optimum 

digestion. Next, the feedstock is heated to the appropriate temperature to maintain mesophilic 

digestion. The specific methods and equipment for these steps are presented in the following 

sections. 

3.3.1 Hydrating 

The manure is collected using a tractor mounted with a scraping arm. The manure is 

scraped into a trench that carries the mixture to the first holding pit. This pit is used as the feed 

for the separator. To optimize digestion, the feedstock must be homogenized to a slurry with 

approximately 6% solids. This concentration is achieved through use of the separator and grinder. 

First, the separator removes the larger particles that may cause plugging. Next, the chopper 

breaks the remaining particles down into smaller pieces. Because solids will only digest at the 

surface area exposed to the bacteria, smaller particles yield better digestion efficiencies. The next 

step in preparing the feedstock for optimum digestion and gas production is through the addition 

of ferric chloride [8]. Addition of this chemical has been shown to reduce the amount of hydrogen 

sulfide gas produced from the digestion of cattle waste [8]. A second holding and mixing pit is 

used to add the chloride. 

Once the feedstock has been prepared in the holding and mixing pits, it is pumped into 

the digester building for heating. As a side note, this particular Ferric chloride solution, while 



19 

 

 

effective, has proven to be an overly expensive solution to H2S mitigation. As a result, other 

techniques are being explored for application at SDDS. 

3.3.2 Heating 

As discussed in the fundamentals section, anaerobic bacteria have optimum temperature 

ranges for gas productivity. For economic reasons, mesophilic is the range desired for this 

project. The average tank temperature is to be maintained near 35 °C. The methods for adding 

this heat to the digester influent are presented in the following sections. Specific details of the 

heat exchanger design and efficiencies are presented in later sections. 

The first step to heating the influent is WHR from the digester effluent. A simple tube in 

tube heat exchanger was installed to transfer heat from the effluent manure to the influent 

manure. Due to a design flaw, however, the outer pipe would clog with suspended solids [8]. To 

overcome this, the heat exchanger was retrofitted by splitting it in half and employing a water 

jacket to transfer the heat from the warm effluent to the cool influent. The warm effluent to water 

section is operated as a counter flow exchanger, while the water to cool influent section is 

operated as a parallel flow exchanger. Each exchanger is 14 meters long with 40 mm nominal 

diameter piping for the center tube and 50 mm piping for the annulus. This WHR only provides a 

small amount of the necessary heat. The main heat exchanger, described next, shows how the 

majority of heat is added to the influent slurry. 

The main heat exchanger is a shell and tube (ST) design that transfers heat from a hot 

water source to the digester influent. From the outside, the heat exchanger just looks like a large 

cylinder, while inside the water is circulated across a series of manure pipes.  This exchanger is 

constructed as a multiple pass exchanger that is 7 meters long. The shell is 325 mm diameter and 

contains approximately 60 meters of 50 mm pipe. The water is heated by circulating it across 
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several heat sources. The primary heat source for this water loop comes from the waste heat off 

the engine-generator that burns the biogas (to be discussed later). Heat is added to the water from 

the engine-generator in two ways. First, the water is run through a separate heat exchanger to 

collect heat from the exhaust of the internal combustion engine. Next, the water is circulated 

through the coolant system of the engine block. If the engine is not able to provide enough, there 

are additional boilers that can provide the needed heat. 

A critical design for heating efficiency provides what is known as thermal capacitance. 

Two standard 0.45 m
3
 water heater tanks were installed in a recent retrofitting project to provide 

thermal storage for the system. This helps to stabilize the temperature of the heat loop and keep it 

from fluctuating with the temperature of the inlet manure slurry. 

3.4 Digester 

As mentioned before, there are four digester tanks, each with a volume of 120 m
3
. They are 

approximately 10 meters tall and are constructed from 6.5 mm thick steel. The digester tanks 

have a variety of components associated with them to ensure uninhibited operation. The IBR is 

designed to retain solids under the septum. The septum auger is used for this purpose. In the event 

of plugging, the IBR also has several pressure relief features to prevent any major damage to the 

tanks and system. 

3.4.1 Flow and Operation 

At its original commissioning, the SDDS was equipped with four standard IBR digesters. 

Since then, USU has converted two of them into CSTR operation by drilling large holes in the 

septum as part of an ongoing experiment [2-3, 7]. The study was designed to show the 

performance differences between the IBR and (CSTR) configurations. Future projects may 

convert the CSTR’s back into IBR’s by simply plugging the extra septum holes. To aid in septum 
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performance, and to prevent plugging, the IBR septum has been equipped with a flexible cap to 

allow completely aerated solids to pass through without causing a plug [8]. 

Each tank has one main inlet with several outlets. The inlet is located at the bottom of 

each tank. As there is only one heated feed stream, each of the four tanks is alternately fed from a 

common stream to simulate continuously fed digesters. The feeding is controlled with automatic 

actuated valves linked to the controls system. Typical tank filling will cycle on an hourly basis, 

feeding each tank for 15 minutes at an average of 2.3 m
3
/hr (equivalent to 10 gpm). One of the 

three outlets is also located at the bottom of the tank. This outlet is designed to remove settled 

solid particles from the bottoms of the tanks while the digesters are still in operation. There are 

two outlets at the top of each tank as well. The first allows the gas to escape, while maintaining a 

positive pressure of 30.5 cm H2O. The other outlet is a fluid port located near the top of the tank. 

This allows for a continuous flow through each digester to maintain bacterial activity. 

3.4.2 External Systems 

The four tanks are housed in a large steel building to protect them from the outside 

environment and reduce heat losses. The building is 15m by 18m and is 13m tall at its highest 

point. The building has several doors, including large bay doors to simplify equipment 

maintenance. The walls of the building are lined with 7.6 cm fiberglass insulation to improve heat 

retention. The building is equipped with a separate room to house the engine-generator, boilers, 

and gas conditioning equipment. 

Each tank is equipped with several safety features to prevent any hazards or serious 

damage. A common failure of digesters is clogging in the feed lines or within the tank. 

Unchecked, this can lead to pump failure or a rupture in the tanks or plumbing. The first safety 

mechanism is a septum bypass mounted on the side of each tank. In the event of a septum hole 
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becoming plugged, the tank feed will be forced through the bypass, rather than backing up in the 

tank and potentially frying the feed pump. 

While the septum bypass provides a moderate safe guard against failure, there is still a 

chance that this line could plug as well. To prevent any tank ruptures or permanent damage, each 

tank is equipped with a burst plate on the top surface. If a digester were to become completely 

clogged with an increasing internal pressure from gas production, the burst plate will rupture to 

release the growing pressure. While this may cause a bit of a mess in the building, the damage 

will not be permanent and will only require a replacement burst disk to return to operational 

status. 

The third safety feature on each tank is a gas pressure release valve. As a side measure to 

prevent burst disk rupture, the gas pressure relief valve is designed to maintain the tank pressure 

within safe operating limits. Once the valve experiences too high of a pressure, excess biogas will 

be diverted to the outside flare (discussed later) for safe disposal. 

3.5 Downstream 

As previously mentioned, there are two types of effluent streams from the digester, each 

one requiring their own specific handling prior to use, or ultimate disposal. The first effluent type 

is for the solid and liquid waste (the digested slurry), while the second is the produced biogas. 

3.5.1 Solid and Liquid Waste 

There are many options for handling solid and liquid digester effluent. The method 

currently being used, however, is part of the system used prior to the digester installation. All 

waste used to be handled by feeding it to a settling pond adjacent to the dairy. The waste would 

be fed to this pond to sit and decompose via natural processes, creating a large environmental 

issue from odor and gas release. While waste is still disposed of in this pond, the odor concern is 
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far less serious now as most degradable solids have been converted to methane within the tanks. 

Another option, currently not employed at SDDS, is to dry and bag the solid wastes as they can 

easily be sold as a high grade fertilizer for various agricultural applications. 

3.5.2 Gas 

The biogas that leaves the digesters is primarily methane, about 70% [2]. The other major 

component is carbon dioxide, about 30%. There are also traces of moisture and hydrogen sulfide 

in the gas stream. Both of these have a negative effect on the engine-generator efficiency and 

longevity. Before the gas can be utilized for system energy, it is best to first condition it [5]. 

There are several options for removing hydrogen sulfide from the gas stream. Many options are 

currently being investigated at USU. There are no solutions currently installed, other than the 

initial addition of ferric chloride to reduce the amount of hydrogen sulfide produced.  

The next conditioning option is to remove as much moisture from the gas stream as 

possible. The biogas coming from the tanks will be completely saturated with moisture. This, in 

turn, leads to lower fuel efficiency for the engine-generator. A simple way to remove this 

moisture from the gas stream is to condense it by sending the gas through a chiller system. 

Removing the moisture from the biogas significantly increases the heating value [14]. The 

installed condensation system was designed as part of a senior design project from USU. The 

condensate from this system is fed directly out to the waste lagoon along with the digester 

effluent. Despite its recent installation, the chiller is not currently used to condition the gas 

stream. 

Once the gas has been properly conditioned, it is ready to use in an engine-generator or 

biogas boilers. The engine-generator used at SDDS is a modified Chevy 454 Big Block Engine 

capable of running on this mixture of methane and carbon dioxide. There are two elements to the 



24 

 

 

heat recovery from the engine. First, there is a heat exchanger, a 1 meter long single-pass ST 

exchanger, which transfers heat from the exhaust to the water loop. Secondly, this water stream is 

circulated through the coolant system of the engine to remove heat from the engine block.  

The final element in the gas handling system is a safety flare. The flare is used in the 

event that the produced biogas cannot be safely used, or if the biogas production rate ever 

exceeds the rate at which it can be used. The gas is only diverted to the flare if the pressure 

between the tank and the engine-generator exceeds the setting of the pressure release valve 

discussed above. This flare assembly is where the gas can be ignited and safely combusted. 

Housed inside the pilot tube is an orifice plate that reduces the gas flow to an ignitable velocity 

and fuel/air mixture. This flow is ignited by an electric spark which arcs between two tungsten 

welding electrodes. 

3.6 Controls and Monitoring 

To minimize operator responsibilities, the system is run from a centralized control unit that 

has a simple touch screen interface. Not only does this interface collect all data from the system 

instrumentation, it also allows the operator to adjust things like target temperature and flow rates 

as needed. The data acquisition system collects all relevant data to monitor the system 

performance. This includes temperatures, digester feed rates (and thus retention times), gas 

production rates and digester pH levels. 

  



25 

 

 

PERFORMANCE ANALYSIS 

4.1 Performance Analysis 

As discussed in the problem statement, the main goal of this study is to improve the heat 

utilization of the SDDS. Current operation is limited to the warmer months of the year, if the 

temperature drops below acceptable levels the bacteria cannot adequately convert the biomass 

into methane. The lowered operating temperatures result in a decreased biogas production, and 

subsequently lowered heat availability for maintaining temperatures. Before improvements can be 

identified, the system needs to be accurately depicted both empirically and with a dynamic 

computer model that accounts for year round weather effects. 

Each system element is first analyzed and represented empirically to identify steady state 

characteristics. The main elements considered are heat transfer coefficients of the building and 

tanks, as well as effectiveness of each heat exchanger in the system. The empirical analysis of 

each major component is discussed in Appendix A. The steady state analysis is then used to 

develop a transient model of the digester system. The effects of weather fluctuations are difficult 

to predict with steady state analysis, but a modeling program such as TRNSYS is capable of 

handling the iterative calculations required to predict system performance. A detailed discussion 

of the developed TRNSYS model and the included components is presented in the following 

section, as well as a more in depth discussion in Appendix C. 

The system is currently operational from mid-April to early-November, according to the 

system operator. The winter months are too cold to keep the system above an acceptable 

temperature with the current heat utilization techniques. The completed TRNSYS model was 

used to calculate the expected tank temperatures over the course of a full year. The data from this 

simulation is shown in Fig. 4. 
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Fig. 4 - Tank Temperatures 

 

The operator shuts down the system once the tanks no longer show temperatures above 33 °C, 

represented by the vertical lines in the above figure. This validates the computer model, as the 

simulation predicts a total of just over 7 months (mid-April to mid-November) that the digester 

tanks remain above 33 °C using only waste heat recovery and heat from the engine-generator 

operating on produced biogas. 

4.2 TRNSYS Model Details 

The TRNSYS library provides many precoded components which are used in the 

development of this model (e.g. heat exchangers, thermal storage tanks, engine-generators, etc.).  

Each of these components are coded using proven scientific equations and adjustable user inputs 

and parameters to accurately model a real world counterpart. As mentioned before, a transient 

system such as the SDDS requires a large number of iterations in order to calculate system 

performance and temperatures as a function of not only the environmental conditions but also 
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each system component. The processing power of TRNSYS allows a full year to be simulated in 

only a matter of seconds. This section will describe some of the technical aspects of the major 

components. 

One of the first components of interest is the insulated building in which the digester tanks 

are stored. This building acts as a buffer between the heated tanks and the fluctuating 

environment. The change in temperature of the building is calculated as a function of the 

buildings loss coefficient, the buildings heat capacitance, the outdoor temperature and the 

sensible energy gains within the building (i.e., heat gains from the tanks or operational 

equipment). In order to calculate the energy gain of the building from the heated tanks, a similar 

approach is needed to show the heat loss of the digester tanks. This heat loss is calculated as a 

function of the tanks heat loss coefficient, the temperature of the tank fluid and the temperature of 

the building air. Examples of these equations can be found in the appendices of this thesis, as well 

as most engineering texts and the TRNSY documentation [10, 15-16]. 

The next major components of interest are the heat exchangers used within the SDDS. 

While there are several different types of exchangers used, the approach of TRNSYS is fairly 

similar for both tube in tube and shell and tube exchangers. Each component calculates outlet 

temperatures based on the combination of input temperatures and parameters such as exchanger 

design, heat transfer coefficient, fluid flow rates and heat capacities. The iterative approach of 

TRNSYS means that transient outlet temperatures can be easily calculated as a function of the 

varying inlet conditions (mainly dictated by environmental temperatures and gas production). 

This section provides a brief insight to the requirements for some of the major components 

used in this model. There are many other components used, but their operation is equally straight 

forward. Various components used include a weather data reader, temperature controllers, an 

engine-generator, and even modifiable equation editors to simulate specific phenomena like 
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biogas production. Detailed descriptions and equations for all relevant components are included 

in Appendix C. 

4.3 System Heating Design and Operation 

There are many elements required to add heat to the digesters. As discussed in 3.3.2, heat 

is generated from a biogas engine-generator. Transferring this heat to the tanks and inlet manure 

stream is done with several heat exchangers and a thermal storage loop. Figure 5 shows the 

specific layout of these elements and how they are installed at SDDS. The dashed lines represent 

the flow of the manure slurry, while the solid lines represent water loops that are used to help 

transfer heat to the manure. The heat exchangers shown at the very top (labeled Waste Heat A 

and B) represent the WHR exchanger that uses the already heated digester effluent to initially 

heat the manure slurry coming from the outdoor storage pits. As previously mentioned, a design 

flaw in this heat exchanger requires water to be used as an intermediary to prevent plugging. 

After the WHR unit, the manure slurry is fed through the primary heat exchanger (labeled 

Main Heat Exchanger) to raise the slurry up to mesophilic temperatures. The other side of this 

heat exchanger is where the heat for this system is generated and collected. As shown in the 

image, there are many different elements capable of providing heat. The first heat source collects 

waste heat from the installed engine-generator, from both the engine exhaust and the coolant loop 

across the engine block. In the event of engine failure or required maintenance, the biogas from 

the digesters can be diverted to one or both of the included biogas boilers. An optional bypass can 

also collect heat from a natural gas fired boiler. The thermal storage component helps with heat 

exchanger performance and system stability. The following sections discuss the detailed design 

and use of the heat exchangers and produced biogas. 
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Fig. 5 - SDDS Heating Schematic 

 

4.3.1 Waste Heat Recovery 

WHR is invaluable in reducing the amount of energy needed in a thermal fluid system 

such as this. By collecting heat from the fluid outlet and adding it to the fluid inlet, the system 
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potential can be dramatically increased. The WHR unit currently installed at SDDS is a standard 

tube in tube heat exchanger, examples of which can be found in common engineering texts [15-

16]. The manure slurry is the tube fluid while water is the annulus fluid. This heat exchanger was 

originally intended to transfer heat directly from the effluent manure slurry to the influent; 

however the solids content of the slurry would regularly block flow through the annulus. To 

overcome this problem, the heat exchanger was split in half to use water as an intermediary to 

avoid annulus blockage. Following methods presented in current engineering texts [16], and 

presented in detail as part of Appendix A, the overall heat transfer coefficient of each half of this 

exchanger is calculated to be used in the TRNSYS model to describe the heat exchanger 

operation. Using two heat exchangers with water as the intermediary at steady state results in a 2-

3 °C temperature increase for the inlet manure slurry. 

4.3.2 Primary Heat Loop 

There are two heat exchangers of interest in the primary heat loop. The first is a single 

pass ST heat exchanger that is used to transfer heat from the engine-generator exhaust to the 

water of the heat loop. The other heat exchanger is a double pass ST heat exchanger that transfers 

heat from the water to the inlet manure slurry. As with the tube in tube, examples of these types 

of ST exchangers can be found in standard engineering texts [15-16]. 

The exhaust exchanger uses water as the tube fluid and the engine exhaust as the shell 

fluid. The water enters an end channel and is diverted down a sheet of nineteen 25 mm  tubes. 

The shell fluid enters through a separate inlet and is directed across the tubes to heat the water. 

While most engineering texts recommend the use of baffles for the shell fluid, discussions with 

the engineer responsible for the design of this specific exchanger indicates that no baffles were 
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used. Using methods presented in Appendix A, the heat transfer coefficient of this exchanger is 

calculated to provide the necessary TRNSYS input. 

The main heat exchanger is also a ST configuration, but it is much larger and has a 

slightly different fluid path than the exhaust exchnager. Unlike the exhaust heat exchanger, the 

main ST is designed as a multiple pass exchanger. The tube fluid (the inlet manure slurry) 

undergoes multiple passes through the shell. To simplify the modeling and empirical analysis, a 

double pass configuration is assumed. The shell fluid, being water coming from the thermal 

storage and heat sources, passes over the tubes. The design engineer said that there is only one 

baffle in the installed exchanger. The overall heat transfer coefficient for a multiple pass ST 

exchanger of this specific design is calculated (shown in Appendix A) to provide the TRNSYS 

input. For steady state operation, this causes the manure slurry to increase approximately 25 °C, 

bringing it up to an adequate temperature for the anaerobic bacteria to perform the desired 

conversion of biomass into biogas. 

4.4 Biogas Production and Use 

As presented in 3.5.2, there are many different options for use of the biogas. The biogas 

combustion is in fact the main (and usually only) source of heat for the digester system. A simple 

schematic of how the gas may be used is presented in Fig. 6. The solid lines represent gas flow, 

while the dashed lines represent the resulting heat flow. As the gas leaves the digester, it is routed 

through a biogas chiller. As the gas leaves the digester, it is fully saturated with moisture. By 

cooling the biogas, the entrapped moisture is condensed out, thus increasing the heating value 

[14]. Once the biogas has passed through the chiller, it can either be used in the engine-generator 

or the biogas boilers. A supplemental boiler that runs on natural gas is present in the event that 

biogas cannot be used or does not provide sufficient heat. While all of these items are installed, 
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the operator currently sends the biogas directly to the engine-generator, without utilizing the 

chiller or the boilers. Not shown in the above schematic is the alternate safety outlet of the biogas 

flare. This bypass is located between the digesters and the chiller. 

  

 

Fig. 6 - Biogas Use 

 

Recalling from 3.4.1, two of the tanks are IBR construction while the other two are 

CSTR. Studies by Zemke et al. [3] have produced useful data showing the year round biogas 

production of SDDS, represented in Fig. 7. The darker line represents the specific biogas 

production rate (m
3
 gas per m

3
 of reactor volume per day, or day

-1
) of the IBR tanks, while the 

lighter line represents that of the CSTR tanks (labeled as Control). Clearly the CSTR reactors are 

much more sensitive at lower temperatures, but both reactor designs suffer in the winter months. 

The implications of this are discussed in the following section.  
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Fig. 7 – Biogas Production (Adapted from [3]) 

 

4.5 Simulation Inputs 

In order for the TRNSYS simulation to accurately predict the SDDS operation, certain 

inputs are needed. The following tables describe the major inputs provided to the simulation 

model. Similar to the section describing the Digester System, these inputs are separated into the 

three categories of upstream, digester and downstream. The inputs regarding the upstream portion 

are shown in Table 1. The assumption is made that the manure slurry properties are similar to 

water, especially because of the low flow rates and low solids content. The strength of the slurry 

content is assumed constant by taking average values from Zemke et al. The thermal properties of 

the slurry/water are taken from an engineering text, the ranges indicate that several values were 

used according to the appropriate temperatures for each input (e.g. manure pit, heat exchangers, 

heat loop). The coefficients for the heat exchangers were calculated using methods presented in 
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Appendix A. The heat loop flow rate was estimated in those calculations to force temperature 

change values of the empirical analysis to match those measured in the real world system. The 

thermal storage tanks are assumed similar to the digester tanks for the heat loss coefficient, which 

is calculated in Appendix A.  

 

Table 1 - Upstream TRNSYS Inputs 

Upstream System Inputs 

Water/Slurry Properties B0 0.35 m
3
 biogas kg

-1
 VS fed [3] 

S0 32.4 kg VS m
-3

 influent [8] 

Cp 4.178-4.19 kJ/(kg*K) [16] 

kf 2.088-2.261 kJ/(hr*m*K) [16] 

Heat Exchangers WHR Coefficient 2536 kJ/(hr*K) 

ST HX Coefficient 9307 kJ/(hr*K) 

Exhaust HX Coefficient 176 kJ/(hr*K) 

Heat Loop Flowrate 9085 kg/hr 

Thermal Storage Thermal Storage Volume 0.9m
3 

Heat Loss Coefficient 6.715 kJ/(hr*m^2*K) 

 

Table 2 presents the inputs regarding the digester system portion of the TRNSYS model. 

The digester HRT is taken as an average value to simulate a target flow rate of 55 m
3
/day (10 

gpm). While this value is not constant in the real world system, this assumption will suffice for 

this study. Weather and building properties are defined to determine the heat loss rates from the 

tanks. The weather patterns are assumed comparable to Cedar City Utah, so typical 
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meteorological year (TMY) data from there is provided. The building size is estimated, and the 

heat loss coefficient is calculated according to Appendix A. The temperature limits are selected to 

mimic the operator’s involvement in keeping the tanks from overheating. 

 

Table 2 - Digester TRNSYS Inputs 

Digester System TRNSYS Inputs 

Tank Properties Digester Volume 120m
3
 [8] 

Heat Loss Coefficient 6.715 kJ/(hr*m^2*K) 

Digester HRT 8.8 days 

Building Properties Weather TMY from Cedar City 

Surface Area 1171m
2 

Volume 3811m
3 

Capacitance 4451kJ/K 

Heat Loss Coefficient 1.201kJ/(hr*m
2
*K 

Air Density 1.16 kg/m
3
 [16] 

Temperature Limits Exhaust Bypass On Above 42 °C 

Exhaust Bypass Off Below 40 °C 

Engine Heat Dump On Above 42 °C 

Engine Heat Dump Off Below 40 °C 

 

 

 

 Table 3 presents the inputs downstream of the digester system. The biogas properties are 

obtained from various sources. The engine performance follows the standard rule of thirds (of the 

available incoming energy, 1/3 is converted to power, 1/3 is converted to exhaust heat and 1/3 is 
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converted to block heat). To reconcile building temperatures, a portion of both exhaust and block 

heat is transferred to the surrounding environment (20% of each). The properties of the exhaust 

gas are calculated using stoichiometry, as shown in Appendix A. 

 

Table 3 - Downstream TRNSYS Inputs 

Downstream System Inputs 

Biogas Properties Density 0.982 – 1.02 kg/m
3
 [5, 14] 

Specific Heat 1.22 kJ/(kg*K) [5] 

LHV 21603 kJ/m
3
 [14] 

Engine Performance Power Efficiency 33% [17] 

Waste Heat (calculated 

through TRNSYS) 

40% to Block 

40% to Exhaust 

20% loss to Building 

Exhaust Properties Flowrate 8.9 kg exh/kg biogas 

Specific Heat 1.18 kJ/(kg*K) [16] 

 

4.6 TRNSYS Model Validation 

The results of this study rely heavily on the assumption that TRNSYS can be used to 

predict performance using design parameters and environmental conditions of SDDS. It is 

important, therefore, to confirm that the results from the simulation match data from the real 

world system. Operational temperatures provide the most insight into how well the model 

matches SDDS. Also, data from actual biogas production can be compared to theoretical 

production based on transient tank temperatures and other assumptions. 
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4.6.1 Temperature 

TRNSYS components are developed using scientific principles and the appropriate 

governing equations. Proven text book methods can be used to predict appropriate equipment 

parameters, and the simulation can be used to show how the combination of all these components 

will respond in a certain environment. Data from past Sunderland projects are used to compare 

tank temperatures to the model output. The comparison periods of the following analyses only 

cover June through August due to a lack of reliable data from the rest of the year. Because of the 

difficulties in repeating weather patterns and operator maintenance issues, an exact match is not 

guaranteed. Fig. 8, however, shows that, despite some minor differences, general similarities and 

ranges can still be confirmed. The solid curves represent the TRNSYS simulation output while 

the dotted lines show the collected data. The top two lines (tank temperatures) show a very close 

agreement. The bottom lines show the temperature of the outdoor holding pit, which is used to 

feed the digester system. The major source of the differences between the generated simulation 

and the measured data is attributed to weather patterns. While the measured data was subject to 

the weather experienced from June to August of 2009, TRNSYS data is a function of the TMY 

data for those months. TMY is generated from an analysis of 30 years of data that most accurately 

represents a typical year. As a result, temperature swings of a certain year will have slightly 

different patterns from a set of TMY data, but will still show similar ranges and averages. As seen 

in the above image, the manure temperature (coming from the outdoor manure pits) for both the 

real data and generated TRNSYS data falls within the 15 to 25 °C range. The patterns in tank 

temperature differences (TRNSYS vs. real data) clearly mimic the differences in manure 

temperatures (which are much more dependent on weather fluctuations).  

 



38 

 

 

 

Fig. 8 – Tank and Pit Temperature Comparison 

 

Another value for model confirmation is the building temperature. TRNSYS is capable of 

modeling a building enclosure that not only accounts for heat loss to the surrounding 

environment, but also the sensible energy gain from the tanks and heating equipment within the 

building. Figure 9 shows the comparison between collected data and simulation output. Again, 

the solid curve shows TRNSYS output while the dotted line shows collected data. While the 

collected data set matches the average trend of the simulation, many more short term fluctuations 

are seen in the data. This is because daily operation of the digester system requires the bay doors 

of the building to sometimes be opened and closed, thus exposing the room to outdoor conditions. 

This may also play a small role in the differences seen between data and TRNSYS values for the 

tank temperatures seen in Fig. 8. While these differences are unavoidable, the purpose of this 

study is to show relative effects on performance changes rather than absolute values for given 

operation. As a result, these discrepancies are acceptable. 
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Fig. 9 - Building Temperature 

 

4.6.2 Heat Exchanger Efficiencies 

While the overall temperature comparisons provide a certain amount of confirmation, it is 

still important to verify individual component performance. The main components of interest are 

the three installed heat exchangers (WHR, the main ST and the exhaust exchanger). Steady state 

measurements with a handheld thermocouple give a decent understanding on the temperature 

changes of inlet and outlet flows. Temperature and exhaust flow rates for the engine are estimated 

from stoichiometry calculations and a general understanding of internal combustion engines. 

These rough measurements provide a basis for modifying the assumptions to help 

calculate exchanger efficiencies that closely match real world performance. While the 

measurements collected with the handheld thermocouple device are not extremely reliable (e.g. 

air flow in the building, different pipe materials) a general understanding of temperature 

differences over each heat exchanger was still achieved. Again, this method would not be 
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acceptable for a study concerned with absolute values of system performance, but because the 

focus here is on relative results from equipment modification it is will suffice. 

4.6.3 Biogas Production 

The next area for model confirmation is biogas production. Recalling the discussion in 

2.3.3, the two modifiable elements in controlling gas production rates are temperature and HRT 

(volatile solids content and ultimate biogas yield are constants defined by the composition of the 

cattle waste). Because both tank designs (CSTR and IBR) suffer from lower temperatures in the 

winter, biogas production is representative of this.  

Using the equations for biogas production developed in 2.3.3 and the developed 

TRNSYS model, biogas production is predicted. A graph comparing the theoretical production to 

the actual gas output is presented as Fig. 10. There is clearly a large disagreement in the winter 

months. This is for several reasons. First of all, while the real data was being collected, the 

digesters were forced to shut down for a period in early January due to freezing in the outdoor 

manure pits [3]. Even for the months when the pits are not completely frozen, the manure slurry 

still has some ice content. The ice being fed through the exchangers into the tank seriously reduce 

the temperatures. Finally, the modeled gas production is partly based on the assumption posited 

by Zemke et al. [3] that IBR productivity can ignore temperature influences. Clearly the 

temperatures dropped to a level where this assumption no longer holds, hindering methanogenic 

growth rates. Despite these disagreements, the averages of each set still fall within 15% of each 

other (0.975/day for the data set and 1.092/day for the theoretical), thus confirming the reliability 

of the already published approach [3]. 
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Fig. 10 - Biogas Production from TRNSYS 
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POTENTIAL SYSTEM IMPROVEMENTS 

5.1 Potential System Improvements 

After an in depth study of the current system, the goal is to investigate potential changes to 

achieve year round operation. The focus of this section is thus how best to utilize the available 

heat for maintaining mesophilic temperatures, especially during the winter months. There are four 

main areas where system improvements are considered. These areas are WHR, the efficiency of 

the main ST heat exchanger, the efficiency of the exhaust heat exchanger, and finally biogas 

utilization. After discussing the possible improvements to each of these individual areas, the 

potential system performance from various combinations of the proposed improvements is 

discussed. To quantify each change, the TRNSYS model is used to simulate a full year of 

operation, and each scenario is assessed for how many days of the year the digesters can be 

maintained above 33 °C. 

5.2 Waste Heat Recovery 

The biggest design improvement that can be made to SDDS is to fix the WHR unit [2]. 

Redesigning the WHR unit to be a manure to manure exchanger (as opposed to the current 

manure to water to manure format) will greatly increase the amount of heat that can be added to 

the slurry inlet. The needed design change to make this feasible is to enlarge the annulus, to 

overcome the plugging issue of the current unit. The current unit transfers heat from the digested 

manure to water in a counter flow tube-in-tube exchanger, and then transfers the heat from the 

water to the new slurry in a parallel flow tube-in-tube exchanger of equal dimensions.  

The optimum configuration for the redesign of this tube-in-tube exchanger is counter flow 

(as opposed to parallel flow) [16]. A combination of empirical and TRNSYS based analysis 
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shows that a manure to manure exchanger with similar heat addition rates to the cold slurry has 

an efficiency of approximately 0.211 (where efficiency is defined as the ratio of heat added to the 

cold fluid divided by the maximum amount of heat that can be transferred between fluids [16]). 

There are many ways to improve this efficiency through exchanger design. For simplicity’s sake 

the length of the heat exchanger was the only modified variable to model an efficiency increase. 

Beginning with the current value of 0.211 (a heat exchanger length of 14 meters), the WHR 

efficiency is increased for subsequent simulations to evaluate the effects on system operation. 

Fig. 11 shows the results of these repeated simulations. 

 

 

Fig. 11 - Waste Heat Recovery Optimization 

 

Starting with an efficiency equivalent to the existing installation, the digesters operate 

above 33 °C for 239 days. Year round operation over 33 °C is achieved with an exchanger 
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footprint. From this analysis, it is clear that modifying just the WHR unit would achieve the goal 

of year round operation without the need for supplemental heating.  

5.3 Main Shell and Tube Heat Exchanger 

The next area for potential improvement is the efficiency of the main ST heat exchanger. 

Empirical analysis of this component shows that the unit currently has an efficiency of 0.564. 

Similar to the analysis of the WHR unit, the efficiency was increased for subsequent simulation 

runs to show the effects on potential operation. Again, the length was the modified variable to 

increase efficiency, but ST design offers many other design options (baffles, multiple passes, etc.) 

to increase efficiency. The results are presented in Fig. 12.  

 

 

Fig. 12 - Main Shell and Tube Heat Exchanger Efficiency 
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temperatures. This, however, is clearly not the case. Recall that the purpose of this exchanger is to 

transfer heat from the water loop (which collects heat from the engine-generator) to the manure 

slurry before reaching the tanks. The result of increasing the rate of energy transfer between the 

two streams significantly reduces the temperature of thermal storage on the water side. Because 

the overall heat transfer coefficient of an exchanger is defined in units of Watts per degree 

Celsius (or equivalent units), the decreased temperature difference between the water and manure 

loop counteracts the expected effects of an increased heat transfer rate. 

Evaluating this modification in terms of increased days of operation is deceiving. The 

results shown are concerned with overall system efficiency, so the produced data does not 

provide the same representation as the previous analysis. Improving the efficiency of the main ST 

does have some positive effects. Figure 13 shows the resulting temperature profiles of the tanks 

for several different exchanger efficiencies.  

 

 

Fig. 13 - Tank Temperature Profiles for Main ST Improvements 
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The legend on the right shows the main ST efficiency for several simulations. The 

notable change from an increased main ST efficiency is the dampening of temperature 

fluctuations. While tank temperatures do not reach above 33 °C any more frequently, the tank 

temperatures are much more stable. Recalling the theory of anaerobic bacteria, drastic 

temperature changes can hinder operation. While an improvement to this exchanger does not 

seem appealing in terms of year round potential, it has a very appealing effect on digester stability 

due to more consistent temperatures. 

5.4 Exhaust Shell and Tube Heat Exchanger 

The third element of interest in performance improvement is the engine exhaust heat 

exchanger. A similar analysis method was used on the effects of increased efficiency to digester 

performance. Analysis of the current exhaust heat exchanger shows that it has an efficiency of 

0.516 (at a length of 1 meter). The results of increased efficiency (through increasing the length) 

are shown in Fig. 14. Like the previous heat exchanger analyses, the unmodified exhaust heat 

exchanger allows the system to operate above 33 °C for 239 days. Improving the efficiency to 

over 0.9 would allow operation over 33 °C for the full year. The dips seen in performance at the 

higher efficiencies are merely a result of weather patterns interacting with the temperature control 

monitoring in the tanks. 

5.5 Biogas Use 

If no improvements were made to heat utilization in the digester system, there is still a 

potential solution for increasing the amount of available energy. Chilling the biogas, and thus 

reducing the amount of moisture, significantly increases the heating value and energy output. 
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While there is already a unit installed, the operator does not use it prior to combustion in the 

engine. A simple thermodynamic analysis will show the added benefit of chilling the biogas. 

 

 

Fig. 14 - Exhaust Shell and Tube Heat Exchanger Efficiency 
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3
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environment) [17]. This means that the engine is capable of generating approximately 43.4 kW. 

Alternatively, if the gas were run through the chiller, dropping the temperature down to 
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3
) as a result 
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47.5 kW of electricity. From this simple analysis, chilling the biogas can increase energy 

availability by almost 10%.  

A simple energy balance on the gas stream shows the energy cost of this cooling through 

Eq. (7). 

  (7)  

Q is the energy required to cool the gas, m is the mass (1 m
3
 at a density of 0.982 kg/m

3
), c is the 

specific heat (1.22 kJ/(kg*°C) and T is the temperature change (35°C - 20°C) (gas properties 

taken from [5]). This means that chilling the biogas 15°C will cost about 0.1 kW. Considering the 

effect on heating value, the energy availability will increase 12.4 kW (4.1 kW of which are 

electricity output, the remaining is heat). This simple analysis shows that the cost of chilling is 

negligible when compared to the added value of removing the moisture. 

Similar to the effects of heat exchanger optimization on digester performance, 

simulations were conducted to analyze the effect of increased engine output on digester 

performance. The results are shown in Fig. 15. While biogas conditioning does not have as 

significant of an effect on system performance as heat utilization, it still shows some 

improvements. If the biogas were chilled down to 15 °C (from 35 °C, for a ΔT of 20 °C), 

operation above any temperature level increases by 15-30 days. 

5.6 Effects of Multiple Improvements 

The previous sections considered the effects of individual changes to the system. This 

section considers the interaction of combined improvements. Because SDDS already has a biogas 

chiller installed, all following simulations will assume the chiller is operational, and the gas is 

chilled to 15 °C. Figure 16, Fig. 17, and Fig. 18 show the simulation results with the increased gas 

heating value. Comparing these results to Fig. 11, Fig. 12, and Fig. 14 clearly shows the added 
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value of the chilled biogas. Changes in each of the three major elements (WHR, main ST and 

engine exhaust exchangers) will be discussed with respect to changes of the remaining two. 

 

 

Fig. 15 - Engine Power Output 

 

 

Fig. 16 - WHR Improvements after Biogas Conditioning 
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Fig. 17 - Main ST Improvements after Biogas Conditioning 

 

 

Fig. 18 - Exhaust Exchanger Improvements after Biogas Conditioning 
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5.6.1 WHR with Respect to Others 

Modifications to the WHR unit were shown to have the most profound effects on digester 

temperatures. Combining upgrades to this unit with modifications of the other two options do not 

show much of a difference on year round potentials. Figure 19 shows the combined effects of 

improvements to both the WHR and main ST exchangers. Using the legend in the following 

graph, the x markers represent the case where the main ST exchanger is not improved. Each 

marker represents a different efficiency for the WHR unit. Different markers represent improved 

efficiencies for the ST. Recall from 5.3 that upgrades to the ST had no serious effect on 

performance.  

 

 

Fig. 19 - WHR wrt Main ST 
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Modifications to both of these exchangers will improve the year round potential operation of the 

digesters. 

 

 

Fig. 20 - WHR wrt Exhaust 
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temperature of the water loop. The smaller temperature difference between the two streams then 

decreases the potential temperature gains of the manure stream. 

 

 

Fig. 21 - Main ST wrt WHR 

 

 

Fig. 22 - Main ST wrt Exhaust 
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5.6.3 Exhaust Heat Exchanger with Respect to Others 

For validation purposes, the scenarios above are now presented with modifications to the 

exhaust exchanger as the variable of interest, and the other two as secondary. First, Fig. 23 shows 

effects of exhaust exchanger improvements with respect to WHR improvements. Comparing this 

graph to Fig. 20, it is clear that improvements to the WHR unit have a much bigger effect on 

system performance than improvements to the exhaust exchanger. 

 

 

Fig. 23 - Exhaust wrt WHR 

 

The final graph combines improvements to the exhaust exchanger with improvements to 
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Fig. 24 - Exhaust wrt Main ST 
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CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

Anaerobic digestion is subject to an increasing number of studies. Not only is it a fascinating 

topic, but it is very practical in its application as waste mitigation and energy generation. In order 

for it to be effective, however, the system requires heat energy to maintain adequate temperatures 

for the involved bacteria. This proves even more important in regions with cold winter months. 

Some systems rely on natural gas to provide this heat, while many others are turning towards 

using the produced biogas to provide heat. Using just the biogas to provide this heat can prove 

difficult for poorly designed systems, especially in cold climates. This study has shown, however, 

that design improvements and proper gas utilization make it possible to maintain temperatures 

even above the mesophilic range year round. 

The computer model, constructed through TRNSYS, was used to show the effects of certain 

design improvements on system operation. Not only is this modeling reliable from it’s in depth 

scientific development, but it saves time and effort by predicting results through computer 

simulation. The major focus of running simulations with the computer model was to qualify the 

effects of waste heat recovery and engine heat utilization on a real world digester system. The 

effects of modifying heat exchanger efficiencies were shown in terms of year round potential.  

The four main areas of interest in this study were waste heat recovery improvement, heat 

transfer from the heat loop to the manure stream (through the main shell and tube exchanger), 

energy gain from engine exhaust, and biogas utilization. The most notable result of this study is 

that with a properly designed waste heat recovery unit, year-round digester operation is possible 

in even the coldest of winter months. In fact, with a high enough WHR efficiency, temperatures 

can be maintained even above 40 °C. Improving the exhaust heat recovery also adds some 
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potential to the system, although not as notably as waste heat recovery from the effluent digester 

stream. Heat availability is very important. If heat transfer rates from the thermal storage loop are 

too high to match heat availability, then system potential will actually suffer. On the other hand, 

tank temperatures show much more stability. Finally, proper biogas utilization can help add a 

significant amount of available heat to the system. By chilling the saturated biogas stream to 

remove the moisture, the heat content and energy output of the fuel goes up by as much as 10%. 

6.2 Recommendations 

As a result of this study, several recommendations can be made for the Sunderland Dairy 

Digester System. Most importantly, the waste heat recovery unit is severely under designed. By 

modifying the unit to operate without a need for a water loop intermediary and increasing the 

efficiency, the digester system has the potential to operate year round. Furthermore, using the 

already installed biogas chiller will provide a significant amount of extra energy. While the main 

shell and tube and exhaust heat exchangers could undergo some improvements, the added 

benefits are minor when compared to the other two modifications. 

While this analysis provides a good insight into the outcomes of various system 

improvements, the simulation model is not entirely accurate. There are several factors which have 

not been taken into account yet, which may provide a more realistic model in the future. For 

example, the simulation model assumes the influent manure never contains any ice. From 

practical experience, however, this is not the case. The latent heat of fusion required to melt ice 

will significantly reduce the maximum winter tank temperatures. Another shortcoming of this 

approach is that feed rate and manure slurry characteristics are assumed constant. Because of 

weather and operational requirements, however, HRT and feedstock characteristics will likely 

fluctuate. This, in turn, would result in a varied gas production from the current prediction. 
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Despite these shortcomings, this study provides a reliable analysis for the relevant changes 

expected from various design improvements to the SDDS. 
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APPENDIX A – EMPIRICAL ANALYSIS 

The following pages are examples of the empirical methods used in analyzing the SDDS. While 

all calculations have not been included (to avoid redundancy), the included examples provide 

enough base to understand how to modify them for the other approaches. For example, three 

separate calculations were completed on double pipe heat exchangers, but only one example of a 

counterflow configuration was included here. Also 
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A.1  Tank Loss Coefficient 

Problem statement: A 10-m tall cylindircal tank is  constructed with 1/4" thick s teel. The

tanks holds  water at 37 C, while in a room kept at 32 C. Determine the heat transferred

through the tank wall.

Assumptions: 

1. The system is at s teady s tate

2. Material properties  are constant

3. Air properties  are constant

4. Radiation heat transfer is  neglected

Solution: The digester wall only cons is ts  of one layer of steel, so there are three

elements  of resistance to heat transfer. The firs t is  free convection from the water to the

tank wall, the second is  conduction through the tank wall, and the third is free convection

from the tank wall to the air. This  leads to four temperatures of interest. T1 is the water

temperature, T2 is the wall temperature at the water surface, T3 is the wall temperature at

the air surface and T4 is the air temperature.

Properties  of the fluids at the given temperatures are as follows

Water: T1 310K

w 994
kg

m
3 Cpw 4178

J

kg K
kfw 0.628

W

m K

Prw 4.34
w 6.5810

7


m
2

s
w 1.51210

7


m
2

s

Air: T4 305K

a 1.177
kg

m
3

Cpa 1005.7
J

kg K
kfa 0.02624

W

m K

Pra 0.708
a 15.6810

6


m
2

s
a 0.2216010

4


m
2

s

Properties  of the s teel tanks are as follows.

ktank 14.3
W

m K
xtank 0.0064m

Heat transferred through the wall is  defined as

q
T1 T4

R12 R23 R34

The res is tances are defined as

R12
1

hw A
R23

xtank

ktank A
R34

1

ha A
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Each resistance contains  a term for the area of heat transfer. To simplify

calculation, a value of 1 m2 will be applied.

R34
1

ha
R12

1

hw

R23

xtank

ktank

4.47610
4


K

W

To determine the natural convection coefficient for a vertical wall, the Churchill-Chu

equation is  used.

Nu
h L

kf

0.68
0.67Ra

1

4


1
0.492

Pr









9

16













4

9



The length term here refers  to wall height, which has been assumed to be 1 m.

This  gives

hw 0.427 0.375Raw

1

4
 ha 0.018 0.013Raa

1

4


Where 

Ra g
 Ts Tinf  L

3


 
 10

9
 0 Pr




inf

a
1

Tinf

w
207 10

6


K

Using the appropriate temperatures and s implifying gives the fol lowing

equations.

Raw 2.04110
10

 T1 T2  Raa 9.2110
7

 T3 T4 

Other forms of the equation for heat transfer through the wall can be written as

q
T1 T2

R12

q
T3 T4

R34

These can be rearranged to find the unknown temperatures

T2 T1 q R12 T3 T4 q R34
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An iterative method to calculate the unknown temperatures (and thus heat transfer 
and resistances) is now applied as follows. 

1. Assume T1=T2 and T3=T4 and calculate the following 

2. Raw and Raa 

3. hw and ha 

4. Rw and Ra 

5. q 
6. Refined values for T2 and T3 

 

Once an acceptable convergence is reached, the convective heat transfer coefficients can be used 
to determine the overall heat loss coefficient for the tanks. The overall heat transfer coefficient is 
defined as 

  

 

T1 T4 T2 T3 Raw Raa hw ha Rw Ra Rwall q

K K K K W/(m2*K) W/(m2*K) K/W K/W K/W W/m2

310 305 310 305 0.0E+00 0.0E+00 0.427 0.018 2.342 55.556 0.00045 0.086

310 305 309.8 309.8 4.1E+09 4.4E+08 95.48 1.90 0.010 0.526 0.00045 9.320

310 305 309.9 309.9 2.0E+09 4.5E+08 79.65 1.91 0.013 0.523 0.00045 9.331

310 305 309.9 309.9 2.4E+09 4.5E+08 83.35 1.91 0.012 0.523 0.00045 9.332

310 305 309.9 309.9 2.3E+09 4.5E+08 82.42 1.91 0.012 0.523 0.00045 9.332

310 305 309.9 309.9 2.3E+09 4.5E+08 82.65 1.91 0.012 0.523 0.00045 9.332

310 305 309.9 309.9 2.3E+09 4.5E+08 82.59 1.91 0.012 0.523 0.00045 9.332

310 305 309.9 309.9 2.3E+09 4.5E+08 82.60 1.91 0.012 0.523 0.00045 9.332

310 305 309.9 309.9 2.3E+09 4.5E+08 82.60 1.91 0.012 0.523 0.00045 9.332

U
1

A Rtot
Rtot

1

hw A

xtank

ktank A


1

ha A
 0.536

K

W

U 1.865
W

m
2
K

6715
J

hr m
2

 K
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A.2  Building Loss Coefficient 

Problem statement: A large, insulated building is used to house digester tanks. Use

building properties  to determine the heat transferred through building to the outs ide

environment. The building has dimens ions of 15x18 meters , and a height of 13 meters. The

building is  insulated with 3 inch thick R-12 insulation. The buildng is  constructed with 18

gauge s tainless s teel s iding. The building also has 2 large doors , uninsulated, with a total

area of 25 m2.

Assumptions: 

1. The system is  at s teady s tate

2. Material properties  are constant

3. Air properties  are constant

4. Radiation heat transfer is  neglected

Solution: Similar to the calculation of the tank loss coefficient, this  analys is  requires

identification of the various res is tances and convection coefficients . The addition of

insulation and uninsulated doors sl ightly com plicates the analys is , but the approach is

s til l the same. There are four res is tances to cons ider. The firs t is  free convection from the

building air to the wall surface (insulation or s teel door). Next is  conduction through the

insulation to the steel wall. Third is  conduction through the s teel wall (either from the

insulation or from the free convection surface). Finally is the forced convection from the

steel wall to the outs ide air. The total res is tances through the insulated and uninsulated

portions wil l firs t be calculated, and then combined in parallel to identify the total heat

loss of the building.

Building Dim ens ions

Lb 15m Wb 18m Hb 13m Ad 25m
2



Ab 2 Lb Hb 2 Wb Hb Lb Wb 

Ains Ab Ad 

Material Properties

kins 0.027
W

m K
 xins 0.076m

kste 15.1
W

m K
 xste 0.00127m

Rather than fol low through with the iterative technique used in the tank analys is , convective

coefficients  can be assumed. The free convection coefficient for the building air found in the tank

analys is  will be used. For the forced convection outside, a value of 100 W/(m2*K) is  assumed.

These assumptions are acceptable because the conduction resistance is  so large when com pared

to the convection res is tances. 

hfree 1.91
W

m
2

K

 hforced 100
W

m
2

K
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The total resistance through the insulated portion of the building (modelled in series) is  calculated

as follows

Rins
1

hfree Ains

xins

kins Ains


xste

kste Ains


1

hforced Ains


K

W


Similarly, the res is tance through the door portion of the building is calculated as follows

Rdoor
1

hfree Ad

xste

kste Ad


1

hforced Ad


K

W


Because the heat has two paths it can travel (insulation or doors), the total res is tance is  modelled

as the two indiviual being in parallel.

Rtot
1

1

Rins

1

Rdoor



K

W


The total resistance of the building can now be used to calculate the overall heat loss  coefficient

Utot
1

Ab Rtot

W

m
2

K

 Utot
joule

hr m
2

 K
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A.3  Engine Exhaust Flow 

Stoichiometry can be used to determine the engine exhaust flow rates. Combustion of biogas 

and oxygen can be written as 

  (8)  

This means that for every mole of biogas to be combusted, 1.4 moles of oxygen are needed. The 

oxygen used in combustion comes from air so nitrogen will play a large role in determining flow 

rates. Including nitrogen, the stoichiometric combustion becomes this. 

 

 

(9)  

For every mole of biogas combusted, 6.7 moles of air are needed. The molecular weights of 

biogas and the exhaust components are used to develop a relationship between biogas and exhaust 

flow rates. First, the molecular weight of biogas is calculated as 

 
 (10)  

The molecular weight of the exhaust is 

 

 

(11)  

These two numbers are then combined to calculate the mass of exhaust per mass of biogas. 
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A.4  Dual Pipe Counter Flow Heat Exchanger 

The following analys is  shows how the waste heat recovery unit was evaluated. This  method directly

follows the one developed in the textbook Design of Thermal Fluid Systems, by William  S. Janna. 

Problem Statem ent: Manure slurry (properties  assumed identical to water) at a temperature of 35

C and a mass flow 0.63 kg/s  is  used to heat water at a temperature of 23.5 C and a flow rate of

2.14 kg/s. A counterflow double pipe heat exchange is used that is constructed with an annulus

of nominal 2.5 in. Schedule 40 pipe and an inner pipe of nom inal 1.5 in. Schedule 40 pipe. The

exchanger has a total lenght of 14 meters . Determine the outlet temperatures of each fluid and

the efficiency of the exchanger.

Nomenclature:

1. T refers  to the temperature of the warmer fluid.

2. t refers to the tem perature of the colder fluid

3. h subscript refers  to the hotter fluid

4. c subscript refers  to the colder fluid

5. a subscript refers  to the annular flow area or dimens ion

6. p subscript refers  to the tubular flow area or dimens ion

7. 1 subscript refers  to the inlet condition

8. 2 subscript refers  to the outlet condition

9. e subscript refers  to the equivalent diameter

10. hy subscript refers  to the hydraulic diameter 

A. Fluid Properties

Slurry, Inner tube

mh 0.63
kg

s

kg

hr
 T1 273 35( )K

h 994
kg

m
3

 Cph 4178
J

kg K
 kfh 0.628

W

m K


h 6.5810
7


m

2

s
 h 1.51210

7


m
2

s
 Prh 4.34

Water, Annulus

mc 2.14
kg

s

kg

hr
 t1 273 23.5( )K

c 1000
kg

m
3

 Cpc 4181
J

kg K
 kfc 0.597

W

m K


c 10.0610
7


m

2

s
 c 1.4310

7


m
2

s
 Prc 7.02

B. Tube Sizes

IDa 2.47in IDp 1.61in ODp 1.9in

C. Flow Areas

Ap

 IDp
2



4
 Aa

 IDa
2

ODp
2







4
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D. Fluid Velocities

Vp

mh

h Ap
 Va

mc

c Aa


E. Annulus Equivalent Diameter

Friction  Dhy IDa ODp 

Heat Transfer De

IDa
2

ODp
2







ODp



F. Reynolds Number

Rep

Vp IDp

h



Rea

Va De

c



G. Nusselt Numbers

Modified Dittus-Boelter Equation for Turbulent Flow

Nuh 0.023 Rep 

4

5
 Prh

0.3
 

Nuc 0.023 Rea 

4

5
 Prc

0.4
 

H. Convection Coefficients

hi

Nuh kfh

IDp

W

m
2

K

 hp

hi IDp

ODp

W

m
2

K



ha

Nuc kfc

De

W

m
2

K



I. Exchanger Coefficient

U0
1

1

hp

1

ha



W

m
2

K


U0

J

hr m
2

 K
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J. Outlet Temperature Calculations (Counterflow)

L 14m A0  ODp L 
R

mc Cpc

mh Cph


Ecou exp U0 A0
R 1( )

mc Cpc











U0 A0
J

hr K


T2

T1 R 1( ) R t1 1 Ecou 

R Ecou 1


t2 t1

T1 T2

R
 

K. Log Mean Temperature Difference

LMTDcou

T1 t2  T2 t1 

ln
T1 t2 
T2 t1 











L. Heat Balance

qh mh Cph T1 T2  

qc mc Cpc t2 t1  

q U0 A0 LMTDcou 

M. Fouling Factors

Rdi 0.0005
m

2
K

W
 Rdo 0.0001

m
2

K

W


U
1

1

U0

Rdi Rdo

J

hr m
2

 K
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  N. Outlet Temperatures (per fouling factors) 

 

  

  

 

 

 

 

O. Effectiveness 

 

 

 

 

L 14m

R
mc Cpc

mh Cph
3.399 A0  ODp L 2.123m

2


Ecou exp U A0
R 1( )

mc Cpc










1.529 U A0 5.701 10
6


J

hr K


T2

T1 R 1( ) R t1 1 Ecou 

R Ecou 1
303.073K

t2 t1

T1 T2

R
 297.949K

qh mh Cph T1 T2  1.297 10
4

 W

qc mc Cpc t2 t1  1.297 10
4

 W

mh Cph 2.632 10
3


m

2
kg

K s
3





mc Cpc 8.947 10
3


m

2
kg

K s
3





qmax mh Cph T1 t1  3.027 10
4

 W


qh

qmax

0.428
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A.5  Shell and Tube Heat Exchanger 

The following analys is  shows how the main shell and tube exchanger was evaluated. This  m ethod

directly follows the one developed in the textbook Design of Thermal Fluid Systems, by William S.

Janna. 

Problem Statem ent: Manure s lurry (properties  assumed identical to water) at a tem perature of 20

C and a mass flow 0.63 kg/s  is  heated in a double pass shell and tube heat exchanger. The

manure is  the tube fluid, while the shell fluid is water at 53 C and a flowrate of 1.893 kg/s . The

exchanger is  7 meters  long and 13 inches in diam eter. There is only one baffle, and the tubes

(nominal 2 inch Sched 40) can be modeled as having 8 tubes doing 2 passes. Determine the

outlet temperatures and the efficiency of the exchanger.

Nomenclature:

1. T refers  to the temperature of the warmer fluid.

2. t refers  to the tem perature of the colder fluid

3. h subscript refers  to the hotter fluid

4. c subscript refers  to the colder fluid

5. s  subscript refers  to the shell flow area or dimens ion

6. p subscript refers  to the tubular flow area or dim ens ion

7. 1 subscript refers  to the inlet condition

8. 2 subscript refers  to the outlet condition

9. e subscript refers  to the equivalent diameter

10. hy subscript refers  to the hydraulic diam eter 

A. Fluid Properties

Slurry, Tube Fluid

ms 1.893
kg

s

kg

hr
 T1 273 53.1( )K

Cps 4184
J

kg K
 s 985

kg

m
3

 Prs 3.02

s 4.7810
7


m

2

s


ks 0.651
W

m K


Water, Shell Fluid

mt 0.63
kg

s

kg

hr
 t1 273 15( )K

Prt 7.02
Cpt 4181

J

kg K
 t 1000

kg

m
3



t 10.0610
7


m

2

s
 kt 0.597

W

m K


B. Tubing Sizes

IDt 0.1723ft ODt 0.1979ft 

Nt 8 Np 2 L 7m
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C. Shell Data 

   

  

D. Flow Areas 

  

E. Fluid Velocities 

  

F. Shell Equivalent Diameters 

 

G. Reynolds Number 

  

H. Nusselt Numbers 

Modified Dittus-Boelter Equation for Turbulent Flow 

 

 

I. Convection Coefficients 

  

 

IDs 13in B 11.5ft Nb 1

Pt 2.7in C Pt ODt 8.26 10
3

 m

At

Nt  IDt
2





4 Np
8.665 10

3
 m

2
 As

IDs C B

Pt

0.139m
2



Vt

mt

t At
0.073

m

s
 Vs

ms

s As
0.014

m

s


De

4 Pt
2



 ODt
ODt 0.039m

Ret

Vt IDt

t

3.796 10
3

 Res

Vs IDs

s

9.523 10
3



Nut 0.023Ret
0.8

 Prt
0.4

 36.618

Nus 0.36Res
0.55

 Prs

1

3
 80.286

hi Nut

kt

IDt

 416.266
W

m
2
K

 ht hi

IDt

ODt

 362.418
W

m
2
K



h0 Nus

ks

De

 1.342 10
3


W

m
2
K
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J. Exchanger Coefficient 

 

K. Outlet Temperature Calculations 

  

  

 

 

 

L. Log Mean Temperature Difference 

 

M. Heat Balance for Fluids 

 

 

N. Overall Heat Balance for the Exchanger 

 

 

U0
1

1

ht

1

h0



285.34
W

m
2
K



R
mt Cpt

ms Cps
0.333 A0 Nt  ODt L 10.612m

2


U0 A0

mt Cp t
1.15 U0 A0 1.09 10

7


J

hr K


S
2 e

U0 A0

mt Cpt
R

2
1 0.5



1











e

U0 A0

mt Cpt
R

2
1 0.5



R 1 R
2

1 
0.5






 R 1 R

2
1 

0.5








0.61

t2 S T1 t1  t1 311.231K

T2 T1 R t2 t1  318.374K

LMTD
T1 t2  T2 t1 

ln
T1 t2 
T2 t1 









21.706K

qw ms Cps T1 T2  6.119 10
4

 W

qc mt Cpt t1 t2  6.119 10
4

 W

F

R
2

1 ln
1 S( )

1 R S











R 1( ) ln
2 S R 1 R

2
1 







2 S R 1( ) R
2

1
























0.931

q U0 A0 F LMTD 6.119 10
4

 W
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O. Fouling Factors and Design Coefficient 

  

 

P. Outlet Temperatures (per fouling factors) 

  

 
 

 

 

 

 

 

Q. Effectiveness 

  

 

 

Rdi 0.0005
m

2
K

W
 Rdo 0.0001

m
2

K

W


U
1

1

U0

Rdi Rdo

8.771 10
5


J

hr m
2

 K



L 7m A0 Nt  ODt L 10.612m
2



U A0 9.307 10
6


J

hr K
 U A0

mt Cpt
0.982

S
2 e

U A0

mt Cpt
R

2
1 0.5



1











e

U A0

mt Cpt
R

2
1 0.5



R 1 R
2

1 
0.5






 R 1 R

2
1 

0.5








0.564

t2 S T1 t1  t1 309.473K

T2 T1 R t2 t1  318.959K

qw ms Cps T1 T2  5.656 10
4

 W

qc mt Cpt t1 t2  5.656 10
4

 W

mt Cpt 2.634 10
3


m

2
kg

K s
3



 ms Cps 7.92 10
3


m

2
kg

K s
3





qmax mt Cpt T1 t1  1.004 10
5

 W


qw

qmax

0.564
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APPENDIX B – SDDS DIAGRAM 

 

  

Fig. 25 - SDDS Schematic 
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APPENDIX C – TRNSYS ANALYSIS 

Empirical analysis can be a very powerful tool for steady state and the simplest of 

transient systems. This approach, however, becomes severely limited when calculations require 

many iterations. Because of the ever growing computing power and creative programming, 

transient analysis is becoming much easier. TRNSYS is one of the many programs now available 

to handle modeling and analysis of complex transient systems. What would have once taken years 

of research and construction to confirm can now be accomplished with minimal effort and time.  

As mentioned in the main report, TRNSYS is a software program that comes with a large 

library of preprogrammed components. The components represent anything from heat exchangers 

to engine-generators, and are developed based on the mathematical equations and principals of 

operation. The components can be linked together to represent a system that can be run over any 

time period desired. This appendix will discuss the detailed application of TRNSYS and its 

capabilities to the analysis of SDDS and the research of this thesis. 

C.1  Methodology 

The first step before starting a simulation was to identify the major elements present in the 

SDDS and whether or not TRNSYS provided a corresponding component. Each element in the 

real system was then subjected to a rigorous empirical analysis to quantify the values needed by 

TRNSYS to accurately model these components. Once the individual components are verified to 

match the steady state operation of their real world counterparts, they can be combined and 

connected, similar to the real system, to represent a full system subject to the same physical 

principals and external factors of the real world. Simulations of the system can be run on any time 

frame, ranging anywhere from seconds to years if desired. Once the system has been fine-tuned 

and reaches an acceptable representation of the real system, supplemental empirical analysis can 
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be used to modify each component to find potential optimizing changes for the system. Because 

of the rapid simulation (a matter of seconds to simulate an entire year), a modification that would 

normally take time and money can be analyzed and interpreted in only a matter of minutes. 

C.2  Components 

Each component is fairly similar in how it is represented in TRNSYS. The user is first asked 

to define certain parameters that govern the operation of each component. Next, the user defines 

the inputs to the given component. These inputs can either be set numbers, or results from other 

components within the system TRNSYS then uses the preprogrammed mathematical approaches 

to calculate the outputs. Using a simple heat exchanger as an example, a given parameter might 

be the heat transfer coefficient while the inputs would be temperature and flow rate of each fluid 

inlet. TRNSYS is then capable of outputting the expected temperatures of the fluids, even if the 

inlet temperatures are changing continually. The major components used in this specific modeling 

approach will now be described. If available, excerpts from the TRNSYS documentation is 

included to supplement component descriptions [10]. 

C.2.1 Equation Editor 

One of the most fundamental components available in the TRNSYS library is an equation 

editor. This component makes it very easy for a user to model anything that may not be readily 

available in the TRNSYS library. For example, since TRNSYS is mainly used for building 

modeling and well established energy systems, there is nothing to accurately represent biogas 

production for a given digester type and operating conditions. The equation modeled was used to 

include the modified Contois model (presented in Section 2) that defines biogas production rates. 

Many of the available components frequently presented issues when being linked together into a 
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whole system, in which case the equation modeler can be used to modify outputs from one unit to 

fit the needs for inputs of another. 

C.2.2 Weather Data Reader 

 

 

 
 

The form of weather data used in this model is TMY2. The most acceptable data file 

available comes from a weather station located in Cedar City, Utah. While several hundred miles 

away from the SDDS location, similar elevations and geography lead to the assumption that the 

weather for the two locations is comparable. 
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C.2.3 Building 
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C.2.4 Tanks 
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The thermal storage tank component is used to model several different elements of the SDDS. 

First, it models the operation of the four large digester tanks. These tanks receive inlet fluid from 

the main heat exchanger and are housed in the building. The overall heat transfer coefficient is 

applied to determine how the building temperature affects tank heat loss. The next application of 

this component is for the thermal storage tank used in the heat loop at SDDS. This tank volume is 

defined to appropriately add capacitance to the heat loop. Finally, this component is used to 

model the characteristics of the outdoor manure pit. Weather data is applied to the tank to 

determine the manure pit temperature trends. 
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C.2.5 Heating and Cooling 
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While this component is included in the computer model, it is not currently used. It is 

included to mimic the potential heat addition from the additional boilers installed at SDDS. 

Because those boilers are not used, this auxiliary heating component is set to a control function of 

0, in other words it is off. 
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This auxiliary chilling component is included to imitate the supplemental engine heat radiator 

at SDDS. Especially in the summer months, there are times where the digester temperatures climb 

over 40 °C. Because biogas production is hindered at higher temperatures, the supplemental 

engine radiator can be used to reduce the temperature of the heat loop by dumping heat outside of 

the building. The cooling rate of the radiator is assumed to be capable of cooling all heat that my 

come from the engine block, equivalent to the maximum power output of the engine-generator of 

75 kW. There is also another auxiliary chilling unit included to act as the biogas condenser. The 

inlet temperature and flowrates are taken from other components in the simulation, and a desired 

set point temperature is defined. The simulation can then calculate the required cooling rate to 

chill the biogas to the defined temperature. 
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C.2.6 Heat Exchangers 
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The two types of heat exchangers used in the main computer simulation are a counterflow 

tube in tube and a shell and tube (the main shell and tube exchanger as well as the exhaust heat 

exchanger). 

C.2.7 Engine-Generator 
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This component represents the operation of the biogas engine-generator installed at SDDS. 

The power output of this component is defined by the biogas production rate combined with the 
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lower heating value of the gas and the efficiency of the engine (assumed to be 33%).  Of the 

waste heat output of the engine, 40% is assumed to go to the exhaust, 40% is transferred through 

the engine block to the heat loop, and the final 20% is added to the building zone as a sensible 

energy gain. 

C.2.8 Controllers 
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There are two different controllers used in the computer model to simulate operator 

interaction. The first controller simulates an exhaust heat exchanger bypass. If the digesters reach 

42 °C, the engine exhaust is diverted around the exhaust heat exchanger instead of through it. 

Once the digester temperatures drop below 40 °C the exhaust is diverted back through the 

exchanger. The second controller operates the heat dump modeled by the auxiliary chiller. If the 
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digester temperatures exceed 42 °C then the supplemental chiller is activated. Once the 

temperatures cool back down to 40 °C then the chiller is turned off. 

C.2.9 Data Output 

 

 
The two types of data output utilized in the computer model are the online plotter and the 

output printer. The online plotter is used to confirm appropriate model response while the 

simulation is being run. The printer is used to print data to a text file so it may be imported to 

excel for analysis and manipulation. 

C.3  Subsystems 

Once all components have been properly defined, they must be linked together to simulate the 

interactions of the real world system. The three major subsystems will be described to show how 

these components are linked together. The included images are screenshots of the simplified 

computer model. 
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C.3.1 Digester Tanks 

Figure 26 shows the macro that was developed to represent the four digesters and how they 

are fed. While there is only one feed stream from the manure pit and main ST heat exchanger, the 

four tanks must be fed equally and as near continuously as possible. The SDDS uses actuated 

valves to control the order and duration of feeding each tank. The forcing functions seen above 

are used to represent this. The current definitions, following SDDS operation, force the flow to go 

through each tank for fifteen minutes of every hour. The flow is then combined back into the 

main pipe to be sent through the WHR unit before disposal in the outdoor pits. 

 

 

Fig. 26 - Digester System 
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C.3.2 Biogas Generation and Use 

The biogas production is defined using the adapted Contois model discussed earlier. Figure 

27 shows how this is modeled. The arrow at the top represents input information from the tanks 

of temperature and flow rate. The equation editors are used to calculate the specific gas 

production, the total gas production and the expected power output of the engine-generator. Also 

included here is the biogas chiller. Temperature and gas flow are defined from other components, 

while the set point temperature is defined by the user. 

 

 

Fig. 27 - Gas Production System 
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C.3.3 Heat Loop 

The third major component is the heat loop of the whole system. Figure 28 shows the 

configuration and interaction of the components. The heat loop circulates water to collect waste 

heat from the engine so it can be transferred to the manure slurry through the main ST heat 

exchanger. The waste heat of the engine-generator is used to define the temperature increase of 

the respective fluid streams. The controllers are used to limit the upper temperature of the heat 

loop (as defined by the tank temperatures). The heat exchangers are modeled according to the 

empirical analysis discussed in Appendix A. 

 

Fig. 28 - Heat Loop System 
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C.4  Full Model 

These three subsystems, along with a few other components, are then combined to model the 

entire system. A screenshot of this combination is shown in Fig. 29. The component at the top-

center of the above image represents the tank subsystem discussed in Section C.3.1. The digester 

slurry starts from the manure pits, goes through the waste heat exchanger, through the main ST 

exchanger, into the tanks and then finally back through the waste heat exchanger before it is 

dumped to the outdoor holding pit. The weather component determines not only the manure 

starting temperature, but also the temperature outside of the building. This temperature, combined 

with the sensible energy gain from the tanks (and the engine, which is not linked in the above 

image) determines the building temperature. This, in turn, affects the temperatures of the tanks. 

The temperatures and flow rate of the digesters are used to define biogas production 

(shown on the left hand side of the image). The gas production rate is used to define the power 

output of the engine-generator, and also the waste heat of the engine. This heat is divided into its 

two components (exhaust heat and engine block heat) to be appropriately applied to heat loop. 

Once this heat is applied to the loop, the water stream goes through the supplemental heating and 

cooling units, where it is then sent through the main ST exchanger to heat the slurry. Being a 

closed loop, this water is circulated back through the exhaust exchanger and engine block to 

collect more heat. 
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Fig. 29 - Full System 
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